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REPRODUCTIVE STRUCTURES OF THE GAMETOPHYTES OF 
HYMENOPHYLLUM AND TRICHOMANES 


ALMA G. 
Introduction 


The first account of the reproductive 
organs of the gametophytes of the Hy- 
menophyllaceae was given in 1864 by 
MET$ENIUS (17). He had examined the 
tangled material at the bases of leafy 
plants in herbarium specimens of Tricho- 
manes incisum, T. sinuosum, and an un- 
determined species and had found game- 
tophytes bearing sex organs and gemmae. 
JANCZEWSKI and ROSTAFINSKI (16), in 
1875, described the mature gametophytes 
of Hymenophyllum tunbridgense from 
specimens collected near Cherbourg; this 
account includes the external aspect of 
the sex organs with a few details of their 
structure obtained from hand sections, 
but no figures were given. GOEBEL (11) 
in 1887 gave descriptions and figures of 
the external aspect of the sex organs of 
H. eximium, H. dilatatum, H. smithii, T. 
digitatum, and T. diffusum; and in 1892 
(12) he described the gametophytes of T. 
rigidum and T. sinuosum. In 1888 BOWER 
(1,2) published accounts of gemmae for- 
mation and apogamy from his investiga- 
tion of T. pyxidiferum L. and T. alatum; 
and in 1894 he continued with an account 
(3) of apospory and gemmae formation 
in T. kaulfussii Hk. and Grev. GEORGE- 
viTcH (8, 9) further extended our knowl- 
edge of 7. kaulfussii with accounts of 
apogamy, apospory, and antheridial 
structure. HOLLOWAY (14) reported on 
sex organs in field collections of H. 
pulcherrimum Col., although none had 
appeared in cultures 33 years old. In 1944 
he gave an account (15) of the sex organs 
and embryo of Cardiomanes reniforme 
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(Forst.) Pr. based on gametophytes in 
culture for over 6 years. This is the only 
account of the internal structure of the 
archegonium of any member of the 
Hymenophyllaceae except for the limited 
descriptions by JANCZEWSKI and Rosta- 
FINSKI. 
Material and methods 

The material used in this study was 
from sets of cultures described in an ear- 
lier paper (18) in which an account was 
given of spore germination and vegeta- 
tive stages of seven species of H ymeno- 
phyllum and four of Trichomanes. Of 
these, four species of Hymenophyllum 
and three of Trichomanes lived long 
enough to bear antheridia, and with the 
exception of one species of Trichomanes 
all bore archegonia. The culture of H. 
blumeanum Spr. was started in Formosa 
in 1931, and the others in Java in 1937. 
They have been transplanted at intervals 
ranging from 6 months to 3 years. Four 
species are still in culture. A fuller ac- 
count of the cultures as well as the au- 
thor’s many obligations for material, as- 
sistance, and laboratory facilities are 
given in the earlier paper. 

The external aspect of the sex organs 
and their distribution were studied in 
fresh material. The surface view of the 
antheridium of Hymenophyllum was also 
examined in material bleached in 4% 
potassium hydroxide and stained in 
Mayer’s haem-alum. The antheridium of 
Trichomanes is usually so much smaller 
than that of Hymenophyllum that its ex- 
ternal aspect was usually clear in fresh 
material. Microtome sections were used 
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for the study of internal stages of devel- 
opment. Small portions of the ribbon- 
like thallus of Hymenophyllum bearing 
sex Organs were cut out, and portions of 
the filamentous gametophytes of Tricho- 
manes \yearing archegoniophores were 
carefully dissected out to obtain material 
for paraffin sections. This material was 
treated with various killing and fixing 
agents; the most satisfactory was Na- 
vashin’s fluid (Craf formula) in two- 
thirds or three-fourths strength. Flem- 
ming’s triple stain gave the best resuits 
of the various stains tried. Fertile por- 
tions in large numbers were imbedded in 
paraffin and cut in mass at 10 p, since the 
archegonium-bearing cushions of Hy- 
menophyllum and the archegoniophores 
of Trichomanes are too small and unsym- 
metrical for the orientation of sex organs 
or regions. Sufficiently large amounts of 
fruiting material, except for antheridia of 
Trichomanes, were available to afford an 
adequate nusaber of sections for the in- 
terpretations of the structures. 


Investigation 


The gametophytes of the Hymeno- 
phyllaceae are relatively slow in develop- 
ment, but they seem able to live in cul- 
ture almost indefinitely even with con- 
siderable neglect. Hymenophyllum blu- 
meanum Spr. was in culture over 6 years; 
archegonia were not observed until the 
cultures were more than 33 years old, and 
no antheridia were ever seen (fig. 1). 
Since it was not anticipated that the 
prothalli might be dioecious, no attempt 
was made in this first culture of H:ymeno- 
phyllum to select portions from various 
parts of the tangled mass of branches 
when making transfers. When archegonia 
were first observed, they were found not 
only near the tips of the gametophyte 
branches but farther back, and they may 
have arisen perhaps a year earlier, escap- 


ing notice because of their scarcity in the 
culture. Although archegonia appeared 
at intervals for over 3 years, diligent 
search revealed no antheridia. The game- 
tophytes of H. holochilum (v.d.B.) Chr. 
and of H. kurzii Prantl bore antheridia 
when about 20 months old, and shortly 
afterward archegonia were found on the 
same gametophytes. H. acanthoides Ros. 
did not bear antheridia until 3 years old; 
it was nearly a year later before arche- 
gonia were found, but they were never 
on the same gametophyte. T. auricula- 
tum Bl. and T. bilabiatum Nees and Bl. 
bore antheridia when 9 months old and 
archegonia about a month later. 7. maxi- 
mum BI., which was exceedingly slow in 
vegetative development, bore antheridia 
when a year old but died about 3 months 
later without having borne archegonia. 
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Sex organs developed mostly during 
the summer in Massachusetts, and no 
archegonial cushions were formed in win- 
ter. The cultures were growing at a north 
window which subjected them to a lower 
temperature in winter, during which time 
the light was weaker and of shorter daily 
duration. When cultures were examined 
with a hand lens, the archegonial cush- 
ions could be detected by the paler color 
of the marginal region. The antheridia 
were less easily detected without dissec- 
tion. 

ANTHERIDIA.—The antheridia were 
found most frequently arising from cells 
on or near the margin on the ventral side 
of the ribbon-shaped thallus, less fre- 
quently on the dorsal side (figs. 2, 3, 7). 
The mature antheridium is similar to the 
more or less complicated type found in 
the Osmundaceae and Gleicheniaceae. 
The antheridium arises from an initial 
cell which is separated from the thallus 
cell by a wall which may be parallel to 
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Fics. 1-8.—Fig. 1, H. blumeanum, dorsal view of gametophyte bearing archegonia and several regenerated 
branches, r. Fig. 2, H. kurzii, ventral view of gametophyte with antheridia (circles) and archegonia (shaded 
black). Figs. 3-5, H. acanthoides: fig. 3, branch with antheridia; figs. 4, 5, ventral view of branches with 
archegonia. Figs. 6, 7, H. holochilum: fig. 6, cushion with archegonia and rhizoids, ventral side; fig. 7, branch 
with antheridia and archegonia, ventral side. Fig. 8, H. kurzii, margin of gametophyte with three arche- 
gonial cushions, ventral view. 
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the surface but is more frequently ob- 
lique (fig. 9). The basal portion of the 
antheridium is formed by one or, more 
commonly, two or three wedge-shaped 
cells (figs. 10, 12); an early stage of the 
antheridium with the characteristic ob- 
lique walls is shown in figure 10. Some- 


times a few cells formed by intersecting 
walls make a short stalk (figs. 11, 17, 19, 
22), or occasionally a series of disklike 
cells lifts the antheridium a considerable 
distance above the level of the thallus 
(fig. 18). After several oblique walls have 
cut off the cells which make up the lateral 





Fics. 9-24.—Figs. 9-15, 20, 21, H. kurzti: figs. 9-14, stages in development of antheridium; fig. 15, 
surface view of antheridium; fig. 20, top view of antheridium almost mature; fig. 21, top view of antheridium 
after discharge of sperms. Fig$. 16-19, 22, H. acanthoides, surface views of antheridium. Fig. 23, H. holochi- 
/um, imbedded antheridium and mature archegonium. Fig. 24, H. kursii: a, b, spermatids with blepharoplast 


in cytoplasm; c, d, e, stages of blepharoplast. 
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walls of the antheridium, a cap cell is 
formed, delimiting the primary sperma- 
togenous cell (fig. 11); early divisions of 
the latter are shown in figures 12 and 13. 
The last division of the cap cell, cutting 
out the opercular cell—which in this case 
is triangular—is shown in figure 20. The 
opercular cell is not usually as conspicu- 
ous or as regularly placed or formed as in 
the Osmundaceae or the Gleicheniaceae. 
It has been stated that there is no opercu- 
lar cell in Hymenophyllum (5), and HoL- 
LOWAY (15) wrote that there is none in 
Cardiomanes. Although the discharge of 
the opercular cell was not seen, a dis- 
lodged cell was found in a number of 
cases in the vicinity of the opening (fig. 
22) or the opening itself was seen (fig. 
21). Surface views in figure 15-22 show 
some of the modifications in the form of 
the cells of the wall as the antheridium 
enlarges and matures. The interpretation 
of the external structure of the antherid- 
ium is not easy or certain, since the 
antheridium is relatively large and since 
the wall consists of so many cells in which 
there is considerable variation in both 
number and form. Some of the larger 
antheridia show more than thirty sperms 
in a section. In several preparations of 
H. holochilum partly imbedded antheridia 
were present (fig. 23). While the cultures 
were young, the antheridia opened nor- 
mally and active sperms were seen; for 
the last 2 or 3 years, however, although 
antheridia continued to form, none was 
found which had discharged active 
sperms. 

In the spermatid before the changes 
occur which result in the formation of the 
coiled sperm, a dark-staining granular 
body, undoubtedly the “blepharoplast,”’ 
is seen in the cytoplasm outside the more 
or less spherical nucleus (fig. 24, a, c, d). 
In somewhat older cells this body forms a 


/ 


band, one side of which comes to lie close 
to the nuclear membrane (fig. 24, 8, e). 

ARCHEGONIA.—The archegonia are 
borne on more or less erect branches or on 
branches spreading horizontally or ob- 
liquely somewhat above the surface of 
the substratum. They appear in re- 
stricted regions or cushions two cells 
thick along the margin of the thallus. 
They were found only on well-developed 
gametophytes and were more abundant 
on the peripheral branches of a clump 
than on those near the center. The young 
cushions appear not far behind the tip of 
an actively growing branch. The arche- 
gonia usually develop on the ventral side 
of the thallus—the side away from the 
light—but occasionally appear on the 
dorsal side (fig. 5), as was noted by 
JANCZEWSKI and ROSTAFINSKI in H. 
tunbridgense. The usual relation of the 
cushions to the tip of the thallus and the 
margin is shown in figures 2, 5, 7, and 8, 
although occasionally a small cushion 
with one or more archegonia was found 
in the central portion of the thallus (fig. 
5). The cushions vary greatly in size; 
most of those seen had two to twelve 
archegonia, but old cushions were found 
bearing only one archegonium (fig. 8). 
Even on large vigorous gametophytes 
only a few branches were found to bear 
archegonia, and these were branches 
which had broadened considerably. The 
slender elongated branches either were 
sterile or bore antheridia only. When a 
cushion develops, the margin of the thal- 
lus may remain unchanged in form, show 
a slight modification, or extend into 
more or less of a lobe (figs. 1, 6), but 
growth beyond the cushion is rare (fig. 
4). The enlargement of the cells on the 
dorsal side of the cushion may not keep 
pace with that resulting from the devel- 
opment of archegonia on the ventral 
side. Then, particularly. in the case of 
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large cushions which have formed a lobe, 
there may be a curling of the thallus 
which brings the archegonia into view 
from the dorsal side (fig. 1). A ventral 
view of one with that habit is shown in 
figure 6. In H. holochilum there were a 
few cases in which antheridia were found 
arising from the archegonial cushion, as 
was found by GOEBEL (11) in H. dilata- 
tum Sw.; but ordinarily they were scat- 
tered on the one-layered portion of the 
thallus. Although, in general, rhizoids are 
restricted to marginal cells and rarely 
appear farther back, they are sometimes 
borne on archegonial cushions (fig. 6). 
The archegonium begins its develop- 
ment in the manner typical of lepto- 
sporangiate ferns by the division of the 
initial into an outer cell which forms the 
primary neck cell and an inner cell (fig. 
25). This was observed by JANCZEWSKI 
and ROsTAFINSKI in H. tunbridgense. In 
the material described in the present pa- 
per no cell was recognized with any de- 
gree of certainty as the archegonium ini- 
tial. The inner cell divides into a central 
cell and a basal cell, making the usual 
“row of three.’”’ At this stage the basal 
cell may be distinctly larger than the 
central cell which is made conspicuous by 
its dense protoplasmic contents rather 
than by its size (fig. 26). The primary 
neck cell divides in the usual manner into 
four cells, each of which gives rise to a 
row of neck cells (figs. 27, 28). The basal 
cell may divide horizontally while the 
archegonium is still very young, cutting 
off a tabular cell which is a precocious 
contribution to the jacket layer of the 
venter (figs. 29-31, 33). In one young 


archegonium the wall in the basal cell 
was slightly oblique, making a wedge- 
shaped cell which did not extend com- 
pletely across the basal-cell (fig. 31). 
After the separation of the primary 
neck canal cell and ventral cell, the next 


division is that of the central cell to form 
the egg and ventral canal cell (fig. 34). 
The neck canal nucleus divides to form 
two nuclei which may be of considerable 
size and unusually conspicuous. The nu- 
cleus nearer the tip of the neck in figure 
35 measured 13.5 uw. In no case was a wall 
found between the neck canal nuclei, 
There were no archegonia found with an 
increase in the number of canal nuclei to 
three or four, as has been found in the 
Schizaeaceae, Cyatheaceae, and Dick- 
soniaceae. As the archegonium develops, 
the neck cells divide until there are six to 
nine, usually seven, cells in a row. The 
neck is approximately straight at ma- 
turity. The number and size of the cells 
in the rows may vary, giving a slight tilt 
to the neck, but the direction of the tilt 
is not constant. The juncture of the four 
cells at the tip of an approximately 
straight neck is often not in the longi- 
tudinal axis of the archegonium and sug- 
gests a slight inclination to one side (figs. 
35-37). The jacket layer of the venter is 
poorly developed in such stages as those 
shown in figures 35-37. It is much less 
conspicuous than in the higher families of 
leptosporangiate ferns and is more like 
that of the Marattiaceae. Figures 35-37 
show mature archegonia with three types 
of development of the basal cell: a hori- 
zontal division, a vertical, and a hori- 
zontal followed by a vertical in the cell 
adjoining the venter. Because fertiliza- 
tion and development of the embryo were 
not observed, there was no opportunity 
to see to what extent the jacket layer de- 
velops after fertilization. In the culture 
of H. kurzii fertilization occurred occa- 
sionally, and young sporophytes ap- 
peared, but no stages of the embryo were 
found in the material which was im- 
bedded and sectioned. 
REGENERATION.—Regeneration —_0c- 
curred frequently under certain condi- 








— >: a. i: ma 2b 2. aa ah 


ap- 


oc- 
idi- 








1948] STOKEY 


tions in these four species of H ymeno phyl- 
Jum. It usually was found on old branches 
where there was crowding or shading, es- 
pecially on the branches which became 
prostrate after having been more or less 
erect. In figure 1 there are several regen- 
erated branches (r), recognizable by their 
slender connections with the old branch. 
Regeneration usually occurs in regions in 
which some of the cells are beginning to 
turn brown and die. The brown areas are 
indicated by crosshatching in figures 38, 
4o, and 41. Apparently any marginal cell 
on an old portion of the thallus is capable 
of division and may produce regenerated 
branches for a certain period. Figures 38 
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and 44 show early stages; figures 39 and 
40, slightly later stages. A regenerated 
branch usually arises from a single mar- 
ginal cell, but occasionally the products 
of adjoining cells may combine for a 
longer or shorter period and later split 
away (figs. 40, 41). The first wall in the 
enlarging cell may be horizontal or ob- 
lique. The cell at the base may divide 
vertically or obliquely or remain un- 
divided (figs. 38, 39, 44, 45). The early 
divisions may arise from a cell with two 
cutting faces (fig. 39), or the first divi- 
sions may be alternately horizontal and 
vertical (fig. 40) or of a less regular pat- 
tern. Although regeneration results in a 





Fics 25-37. 


gonia,. 


H. kursii: figs. 25-34, stages in development of archegonium; figs. 35-37, mature arche- 
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type of branching, it is very unlike that 
which occurs at the apices. The regener- 
ated branches ultimately fall away from 
the parent plant and serve as a means of 
vegetative propagation. The early devel- 
opment of rhizoids, which is helpful in 
detaching the branches, was not seen in 
any of these species. GOEBEL (13) has 
figured it for an undetermined species of 
Hymenophyllum, and it is common in 
other families of ferns. Regenerated 


branches were found bearing antheridia 
while still attached to the parent plant 
(figs. 42, 43). 

None of the species of Hymenophyllum 
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under investigation produced gemmae 
such as GOEBEL (11) described for H., 
eximium and some undetermined spe- 
cies. CAMPBELL (5) wrote that in an un- 
determined Hawaiian species of H ymeno- 
phyllum gemmae occurred abundantly 
on gametophytes which had ceased to 
form sex organs. 


TRICHOMANES 


ANTHERIDIA.—Antheridia appeared 
much less frequently than archegonia in 
these cultures of Trichomanes, particu- 
larly as the cultures aged. The antheridia 
were much less abundant at any time 








Fics. 38-45.—Figs. 38-43,d1. acanthoides: fig. 38, marginal cells in early stages of regeneration, adjoin- 
ing cells turning brown; fig. 39, two stages in regeneration; figs. 40, 41, regenerated growth initiated by two 
marginal cells; figs. 42, 43, young regenerated branches with antheridia. Figs. 44, 45, H. blumeanum, re- 


generated branches with vertical division im cell at base. 
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than on the gametophytes of H. acan- 
thoides and H. kurzii. They did not have 
any definite position in relation to the 
archegonia and were seldom found near 
them. The two types of sex organs were 
observed on the same plant only in the 
case of T. auriculatum. This does not 
necessarily mean that they occur on dif- 
ferent plants in T. bilabiatum, since in 
tangled cultures of profusely branching 
filaments it is difficult to be sure of the 
relationship of branches detached for ex- 
amination. The mature antheridium is 
found on green branches, usually near 
the anterior end of a cell at some distance 
behind the tip of a filament; but in some 
cases, particularly in 7. maximum, the 
antheridium is bgrne on a terminal cell 


STOKEY—HYMENOPHYLLUM & TRICHOMANES 





(figs. 51, 53). A branch may bear a single 
antheridium or develop them on several 
successive cells. In only one case was an 
antheridium found which was not on a 
uniseriate filament, and that was in a 
4-year-old culture of 7. auriculatum (fig. 
56). 

The antheridia of the three species of 
Trichomanes are, on the average, smaller 
than those of the four species of 7 ymeno- 
phyllum studied and are simpler in struc- 
ture. There is a basal cell which is disk- 
like or wedgelike (figs. 46, 47, 51-53, 57), 
and occasionally there are two basal 
cells. The antheridium in its structure 
suggests those of Alsophila rather than 
those of Osmunda or Gleichenia. The 
number of sperms found in a cross section 





Fics. 46-57.—Figs. 46-50, T. bilabiatum, surface views and sections of antheridium. Figs. 51-53, 7. maxi- 


mum, antheridia on filaments. Figs. 54-57, T. auriculatum, antheridia on filaments and on expanded branch. 
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of an antheridium of T. bilabiatum is 
usually between ten and fifteen, but in 
the larger antheridia of the more vigor- 
ous plants it may be as high as twenty- 
five (figs. 48, 50). The antheridia of 7. 
auriculatum are smaller, and very few 
were seen in which the number of sperms 
in a cross section was higher than fifteen. 
The antheridia of JT. maximum are even 
smaller, but, since the culture did not live 
so long as those of the other two species, 
no opportunity was given for the devel- 
opment of the larger antheridia which 
may be found on old vigorous gameto- 
phytes. The dehiscence of the antherid- 
ium is brought about by the throwing-off 
of the opercular cell (figs. 52, 54). Active 
sperms were seen in the earlier cultures 
but, as in Hymenophyllum, were not 
found in cultures more than 7 or 8 years 
old. Few sections were obtained in the 
imbedded material because of the scar- 
city of antheridia in the cultures. 
ARCHEGONIA.—These organs arise on 
specialized archegoniophores which de- 
velop as lateral, rarely terminal, out- 
growths from the filaments. The arche- 
goniophores arise from green filaments 
which are always associated with pale 
or colorless filaments conspicuous be- 
cause of the abundant development of 
rhizoids—often two or even three on a 
cell (figs. 63, 64). The fertile branches 
were found in the periphery of vigorous 
clumps and not in the turflike regions in 
the center. The pale slender branches 
cling closely to the substratum or pene- 
trate its surface; the transition from 
green cells to colorless is gradual to ab- 
rupt. No archegoniophores were ever 
found on the expanded _bladelike 
branches of T. auriculatum. (No ex- 
panded branches have ever developed in 
T. bilabiatum, although it has been in cul- 
ture for over 10 years.) The initial cell of 
the archegoniophore arises like that of a 
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lateral branch but is larger in diameter, 
There is usually a stalk cell (figs. 58, 60), 
but the archegoniophore may be sessile 
on the filament (figs. 59, 61). In either 
case, divisions by intersecting walls lead 
to the formation of a globular or ovoid 
mass. The archegoniophore appears to 
develop, at least in the earlier stages, as if 
from an apical cell with three cutting 
faces. Then periclinal and anticlinal walls 
are formed, resulting in the formation of 
a globular, oblong, or irregular mass 
without any obvious cell pattern (figs. 62, 
65). Two archegoniophores may arise 
from the same basal cell, or an arche- 
goniophore may branch and give rise to a 
secondary archegoniophore. The cell at 
the base in figure 67 arose from an older 
and much larger archegoniophore. The 
archegoniophores vary greatly in the 
number of archegonia which they pro- 
duce. The meristematic activity of the 
archegoniophore may cease when there 
are only two or three archegonia, al- 
though usually not until there are six or 
eight, or it may continue until there are 
over twenty. A large terminal arche- 
goniophore of 7. auriculatum showed 
nineteen archegonia in one view. The de- 
velopment of rhizoids on the arche- 
goniophore or even on the archegonia is 
not unusual (fig. 65). A few cases were 
found in which growth of the arche- 
goniophore was arrested before archego- 
nia had developed, and on such struc- 
tures rhizoids were usually present (fig. 
66). These must be regarded as arrested 
archegoniophores and not as vegetative 
branches, since they were more than two 
cells thick. 

The archegonium initial as seen in sec- 
tion is wedge-shaped (fig. 67). The large, 
shaded upper cell in figure 69 is probably 
an initial, although its nucleus differed 
less strikingly from those in the cells 
around it than the nucleus in figure 67. 








Fics. 58-66.—Figs. 58, 61-63, 65, T. bilabiatum: figs. 58, 61, young archegoniophores; fig. 62, archegonio- 
phore with mature archegonia; fig. 63, green filaments with archegoniophore and colorless rhizoid-bearing 
filaments; fig. 65, archegoniophores with archegonia and rhizoids. Figs. 59, 60, 64, 66, T. auriculatum: 
figs. 59, 60, young archegoniophores; fig. 64, green filaments with archegoniophores of various ages and pale, 
rhizoid-bearing filaments; fig. 66, arrested archegoniophore with rhizoids. 
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The first division gives rise to the pri- 
mary neck cell (figs. 68, 70, 77). The sub- 
sequent horizontal division of the inner 
cell forms the central cell and the basal 
cell (fig. 69). As in Hymenophyllum, the 
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larger number than four. In cases in 
which the number was smaller, it was not 
certain that the archegonium had com- 
pleted its development, since spindles 
may be found in the terminal cells of the 





Fics. 67—79.—Figs. 67-69, 71, 73-79, 7. bilabiatum: figs. 67-69, 76, longisection of archegoniophore 
with stages in development of archegonium; figs. 71, 73-75, 77, Stages in development of archegonium;; fig. 78, 
aberrant archegonium; fig. 79, old archegonium. Figs. 70, 72, T. auriculatum: fig. 70, cross section of arche- 
goniophore with two young stages of archegonium; fig. 72, young archegonium. 


growth of the central cell is retarded, and 
in the early stages the basal cell may be 
much the larger of the two (figs. 69, 70, 
72). The primary neck cell undergoes the 
usual divisions into four cells (figs. 69- 
72), and each of these gives rise to a row 
of four cells (figs. 76-79). The number of 
cells in the rows of the neck was found to 
be unusually constant in these two spe- 
cies. No archegonia were found with a 





neck when the axial row is complete and 
the archegonium of almost mature size. 
The archegonium shown in figure 77 was 
probably not mature; but in that shown 
in figure 78 growth had apparently 
ceased, and the archegonium may be re- 
garded as aberrant. The first division of 
the central cell separates the neck canal 
cell from the ventral cell (fig. 73). The 
next division results in the formation of 
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the egg and ventral canal cell (fig. 75). 
As in HT ymenophyllum, there was no case 
found in which a wall separated the two 
neck canal nuclei; there was not even a 
suggestion of a break in the protoplast. 
There was no case found of an increase in 
the number of neck canal nuclei to three 
or four. As in Hymenophyllum, the jacket 
layer of the venter is not well developed 
at the time the archegonium is apparent- 
ly mature or when the neck has opened 
(figs. 76-79). The basal cell may continue 
to show the pointed tip seen in the initial 
and early stages, or it may become more 
or less obtuse. Its form is determined by 
the number and position of the walls 
which impinge on it, and these factors are 
related to the extent to which cell divi- 
sion and enlargement have taken place in 
the archegoniophore. 

Fertilization was not found in any of 
these cultures, although sperms were dis- 
charged and swam vigorously. Arche- 
gonia opened and had the appearance of 
being receptive, but antheridia were not 
sufficiently abundant to give a favorable 
chance for fertilization. 

ApoGAMY.—Apogamous growths ap- 
peared in the cultures of T. auriculatum 
when they were about 4 years old. The 
simplest type was an expanded blade 
which bore not only rhizoids, which 
would be characteristic for such a struc- 
ture, but also glandular hairs such as are 
found on the sporophyte (figs. 80, 85). In 
other cases a leaflike blade with midrib 
developed; the midrib consisted, in part, 
of sclerenchymatous cells, and the leaf 
bore glandular hairs on the wings and 
midrib (figs. 81-84). The leaves in all 
these cases were found to bear rhizoids, 
sometimes filaments, as well as glandular 
hairs, and the rhizoids arose from the sur- 
face as well as from the margin. In some 
cases the apogamous structure arose 
from a filament which expanded either 
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into a flat thallus-like blade or a leaflike 
blade (figs. 80, 82), while in other cases 
it arose from an archegoniophore but not 
from an archegonium (fig. 84). Figure 82 
shows an example of an abortive arche- 
gonium (ar) on the lower part of the 
thickened portion of the leaflike struc- 
ture which bore both rhizoids and glan- 
dular hairs. Except for this case, all the 
archegonia appeared normal in structure, 
and, as active sperms were produced, it 
seems probable that apogamy in 7. 
auriculatum is facultative rather than 
obligate. 

GEMMAE.—When the cultures of T. 
auriculatum were about 3 years old, 
gemmae appeared on certain branches, 
especially on the expanded blades which 
had first appeared in the cultures about 6 
months earlier. Gemmae have continued 
to develop in this species intermittently 
even though the gametophytes have been 
producing sex organs and apogamous 
growths. No gemmae were ever found in 
T. bilabiatum. The gemma begins as a 
globular green cell on the tip of a spe- 
cialized cell, the sterigma, which arises as 
a flask-shaped cell at or near the tip of a 
filament or plate. The globular cell elon- 
gates and undergoes division vertically, 
obliquely, or horizontally (figs. 86, 87). 
As the gemma develops, the sterigma 
tends to lose its chlorophyll and becomes 
pale, but the gemma remains a vivid 
green. When gemmae develop in pro- 
fusion at the tip of a broad expanded 
branch, they are striking in appearance 
and suggest a miniature pompom, but 
they are most easily studied on uniseriate 
filaments or slender blades. One cell may 
give rise to two, three, or even more 
sterigmata or to short filaments which 
will in turn bear sterigmata and gemmae. 
GIESENHAGEN (10) presented a drawing 
of T. alatum in which there are at least 
ten sterigmata on the terminal cell of a 
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filament. The gemma usually elongates 
perpendicularly to the long axis of the 
sterigma. It divides into three, more 
often four, cells before it is cast off or 
pushed off (fig. 87). It may be neatly bal- 
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Discussion 
In the revision of the Hymenophyl- 
laceae by CopELAND (6, 7) the four spe- 
cies of Hymenophyllum considered here 


two PRESL 


genera 





Fics. 80-85.—T. auriculatum, apogamous growths: fig. 8c, filament with expanded blade bearing sporo- 
phytic hairs; fig. 81, leaflike apogamous growth with filaments, rhizoids, and sporophytic hairs; fig. 82, 
filament bearing leaflike apogamous growth with abortive archegonium, ar, rhizoids, and sporophytic 
hair; fig. 83, apogamous leaf with sporophytic hairs, rhizoids at base; fig. 84, apogamous leaf which arose 
from an archegoniophore and produced both rhizoids and sporophytic hairs; fig. 85, glandular sporophytic 
hairs from apogamous growth in three stages of development. 


anced on the sterigma or may develop 
asymmetrically. Provision is made for its 
discharge from the sterigma by a change 
in the character of the terminal wall of 
the sterigma which separates it from the 
gemma (fig. 87, a). The brown scar in the 
area of separation remains visible for 
some time on the detached gemma (figs. 
87, b, c; 90). Rhizoids develop, and the 
young plant is thus independent. 


Mecodium and Meringium: H. blumea- 
num Spr. = Mecodium polyanthos Sw., 
H. acanthoides Ros. = Meringitum acan- 
thoides (v.d.B.) Cope.; H. holochilum 
Chr. = Meringium holochilum (v.d.B.) 
Cope.; H. kurzii Prantl is not considered 
by COPELAND to be distinct from H. 
holochilum. The three species of Triche 
manes are placed in the two genera Van- 
denboschia Copeland and Crepidomanes 
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Presi: ZT. maximum Bl. = V. maxima 
Bl.) Cope.; 7. auriculatum Bl. = V. 
wriculata (Bl.) Cope.; T. bilabiatum 
Nees and Bl. = Crepidomanes bilabialum 
Nees and Bl.) Cope. The separation of 
the Hymenophyllum group (the old 
snus Hymenophyllum) into different 
senera need not be considered in a dis- 
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(the old genus Trichomanes) is sufficient- 
ly set apart from that of Hymenophyllum 
in both vegetative and reproductive 
structures to make it necessary to con- 
sider it separately. The species assigned 
to Vandenboschia and Crepidomanes do 
not, however, suggest any generic differ- 
ences in the gametophyte. 





Fics. 86-90.—T. auriculatum, gemmae: fig. 86, stages in development of gemma; fig. 87, older gemmae: 
a, gemma ready to be cast off; b, c, detached gemmae; figs. 88, 89, portions of gametophyte with young 
sterigmata and old sterigmata from which gemmae have been cast off; fig. 90, young filament developed from 


gemma. 


cussion of the reproductive structures of 
the gametophytes, as the differences be- 
tween these structures are not sufficient 
in the plants studied and the information 
about other species is far too meager at 
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the present time. In the ferns we usually 
find that it is only between subfamilies or 
groups rather than between genera that 
differences in the gametophytes are suf- 
ficient for special characterization. The 
group differences and the occasional 
generic differences are more likely to be 
seen in the vegetative structures than in 
the reproductive. The Trichomanes group 


In an earlier paper dealing with the 
vegetative structure of these and several 
other species of the Hymenophyllaceae 
(three in the Hymenophyllum and one in 
the Trichomanes group) reasons were 
given, based chiefly on mode of germina- 
tion, for looking upon H ymenophyllum as 
the more primitive and Trichomanes as 
derived, in agreement with Bower (4) 
and HoLitoway (14, 15). HOLLoway (15) 
concluded from his investigation of Car- 
diomanes reniforme (Forst.) Presl (T. 
reniforme Forst.) that this species, which 
COPELAND stated is perhaps the most 











isolated in the family, is more closely 
related to Hymenophyllum than to 
Trichomanes. 

The gametophytes of the Hymeno- 
phyllaceae, so far as our knowledge ex- 
tends, are more sharply set apart by their 
vegetative habit from those of other 
leptosporangiate ferns than in the struc- 
ture of their reproductive organs. Such 
peculiarities as exist in the distribution 
of sex organs are determined chiefly by 
the peculiar vegetative habits. The dis- 
tribution of antheridia on the ribbon-like 
thallus as well as on the filaments of the 
Hymenophyllum group, and on the fila- 
mentous, or less frequently on the plate- 
like, gametophytes of the Trichomanes 
group, is not unlike that which may be 
found on ameristic prothalli of other 
leptosporangiate ferns. The distribution 
of archegonia presents greater differ- 
ences. The usual axial archegonial cush- 
ion is here replaced by discontinuous 
marginal cushions in the H ymenophyllum 
group and by discontinuous archegonio- 
phores in the Trichomanes group. 

The structure of the antheridium of 
Hymenophyllum has been likened to that 
of the Osmundaceae or of the Gleiche- 
niaceae. This simply means that they 
are of the primitive type, relatively large 
and complex with a large sperm output. 
The sperm output of Cardiomanes as in- 
dicated by HoLLoway’s figures and de- 
scriptions is even larger than that of any 
species of the Hymenophyllum group 
which has been described. The antheridia 
of the Trichomanes group are in general 
smaller and simpler. This may indicate a 
derived group, but it is also what might 
reasonably be expected from a smaller 
gametophyte of simpler organization. 

The archegonium conforms in general 
to the type found in the leptosporangiate 
ferns in both development and structure. 
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The long straight neck of the Hymeno- 
phyllum group is usually associated with 
primitive ferns, and the shorter neck of 
the Trichomanes group is usually consid- 
ered a derived type. The straight neck is 
suggestive of the Osmundaceae. All ac- 
counts of the archegonium of Tricho- 
manes describe or figure it with a short 
neck of four cells or less in a row, except 
BoweEr’s account of T. pyxidiferum, 
which states that it has regularly five and 
often six or seven cells in a row. Copr- 
LAND has placed T. pyxidiferum in his 
new genus Vandenboschia as V. pyxidi- 


fera (L.) Cope.; he has also transferred 


T. auriculatum to this genus. The length 
of neck in Cardiomanes places it closer to 
Hymenophyllum than to the Trichomanes 
group; HoLLoway’s figures indicate six to 
eight cells in a row. This is the usual con- 
dition in Hymenophyllum and the excep- 
tion in Trichomanes. The regularity of be- 
havior of the cells comprising the axial 
row is apparently greater than that of the 
Osmundaceae, Gleicheniaceae, Schizaea- 
ceae, Cyatheaceae, or Dicksoniaceae, ac- 
cording to the results of the present in- 
vestigation. It should be noted that the 
ventral canal cell in both Hymenophyl- 
lum and Trichomanes occupies less space 
in the venter and more in the neck than 
is usual in the ferns. Although an unu- 
sually early division of the basal cell is 
common in these species, there is a re- 
tarded development of the jacket layer of 
the venter, such as occurs in the Marat- 
tiaceae. HOLLOWAY’s figures of the ma- 
ture archegonium of Cardiomanes indi- 
cate that it also has a meager develop- 
ment of the jacket layer. This peculiarity 
may be related to the specialized habit— 
the thin archegonial cushions of H ymeno- 
phyllum and the tuber-like archegonio- 
phore of Trichomanes. 

The provision for vegetative propaga- 
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tion by means of gemmae has apparently 
been developed more frequently in the 
Trichomanes group than in that of Hy- 
menophyllum. Cultural experiments are 
needed to determine what the conditions 
are which lead to the formation of 
gemmae. 

The discovery of apogamy in T. 
auriculatum adds a third species to those 
previously reported for the Hymenophyl- 
laceae: T. alatum Sw. which is left in the 
genus Trichomanes in COPELAND’s revi- 
sion, and 7. kaulfussit Hk. and Grev. 
which is given as Macroglena setacea 
(v.d.B.) Cope. No case of apogamy has 
been reported for Hymenophyllum. 


Summary 


1. An account is given of reproduction, 
both sexual and vegetative, in four spe- 
cies of Hymenophyllum which were in cul- 
ture from 6 to 10 years and of three spe- 
cies of Trichomanes in culture from 15 
months to 10 years. 

2. The gametophytes of H. holochilum 
and H. kurzii are monoecious; they bore 
antheridia when about 20 months old 
and archegonia a month later. Those of 
H. acanthoides are apparently dioecious; 
they bore antheridia and archegonia 
when 33 years old. Those of H. blumea- 
num are apparently dioecious; they bore 
archegonia when 33 years old, but no 
antheridia were ever found in the cul- 
tures. 

3. The antheridia of the three species 
of Hymenophyllum are relatively large, 
complex, and unsymmetrical. They are 
borne on cells at or near the margin, usu- 
ally on the lower surface, of the ribbon- 
like thallus. 

4. The archegonia of Hymenophyllum 
develop on meristematic, marginal, rare- 
ly central, areas which are two cells thick 
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ancl lie close behind the terminal meri- 
stem. Permanent tissue one cell thick de- 
velops between the successive fertile 
cushions. The archegonia are usually 
borne on the ventral surface. A few spore- 
lings appeared in cultures of H. kurzii, 
but fertilization was not observed, and 
no embryos were found in the prepara- 
tions. 

5. The development of the archego- 
nium follows in general the pattern of the 
other leptosporangiate ferns. The axial 
row consists of egg, ventral canal cell, 
and neck canal cell with two nuclei. The 
basal cell usually divides early, but the 
jacket layer of the venter is not well de- 
veloped when the archegonium matures. 
The neck is approximately straight with 
six to nine cells in each row. 

6. Regenerated branches appear abun- 
dantly on marginal cells of old portions 
of the thallus in all four species of 
Hymenophyllum. 

7. The gametophytes of T. auricula- 
tum and T. bilabiatum bore antheridia 
when g months old and archegonia about 
a month later. 7. maximum bore antheri- 
dia at 1 year but died 3 months after- 
ward without producing archegonia. 

8. The antheridia of the three species 
of Trichomanes are smaller than those of 
Hymenophyllum and less complex. 

g. In Trichomanes the archegonia ap- 
pear on archegoniophores which develop, 
with or without a stalk, as a lateral, 
rarely terminal, outgrowth from the fila- 
mentous gametophyte. The archegonium 
develops from a wedge-shaped initial in 
which the first divisions form the pri- 
mary neck cell, the central cell, and a 
pointed basal cell. The basal cell often 
divides early by a wall perpendicular to 
the surface of the egg. The neck is 
straight, and in the two species investi- 
gated there are regularly four cells in 
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each row. Fertilization was not observed, 
and no normal embryos were found in the 
cultures. 

10. Apogamy was of frequent occur- 
rence in 7. auriculatum from the time the 
cultures were 4 years old. The apogamous 
growths arose from filaments, from 
bladelike expansions, or from arche- 
goniophores. They appeared as leaflike 
blades, often with a midrib consisting in 
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part of sclerenchymatous tissue. The 
bladelike structure bore both rhizoids 
and sporophytic glandular hairs. 

11. The gametophytes of 7. auricula- 
tum produced gemmae on specialized 
sterigmata either on filamentous branches 
or, more frequently, at the tip of the 
bladelike expansions. 
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DEVELOPMENT, CELL SHAPE, SUBERIZATION OF INTERNAL 
SURFACE, AND ABSCISSION IN THE LEAF OF THE 
VALENCIA ORANGE, CITRUS SINENSIS 


FLORA MURRAY SCOTT, MARY R. SCHROEDER, AND FRANKLIN M. TURRELL 


Introduction 


An understanding of citrus leaf struc- 
ture is part of the background necessary 
for the attack on such current problems 
as sulfur injury, spray-oil penetration, 
and the physiology of growth of the tree 
as a whole. Previous publications listed 
in the recent monograph of WEBBER and 
BATCHELOR (50) numerous 
studies on specialized leaf structures and 
functions but no single connected ac- 
count of the anatomy of the developing 
leaf. In earlier papers oil glands and crys- 
tal idioblasts were discussed in more or 
less detail (25, 28, 36, 39, 43), while more 
recent investigations have been con- 
cerned with structure in relation to 
specific function (6, 7, 8, 9, 11, 32) 33) 47) 
48, 49). This trend toward physiological 
anatomy is evident in the investigations 
on other leaves and has also been dis- 
cussed in various reviews (I, 2, 3) 4) 5» 
19, 29, 46, 51, 52, 53). The present paper, 
a study of foliar organization, to use 
WYLIr’s term (53), gives a connected ac- 
count of leaf development in the Valencia 
orange from primordium to abscission. 


include 


In it are presented certain findings 
hitherto unrecorded in the extensive lit- 
erature on cell shape (13, 14, I5) 22), 
position of cell walls (37, 38), internal 
surface (45, 46), and abscission (12, 16, 
17, 18, 20, 26, 27, 41). 


Material and methods 
The leaf of the Valencia orange is uni- 
loliolate in type, pinnate-reticulate in 


venation (fig. 14), and generally remains 
on the tree for 2 years or more (50). Nor- 
mally under orchard conditions it ab- 
scises first at the junction of lamina and 
petiole and later at the node. 

Growth-rate studies of length and 
width of Valencia orange leaves were 
made on five tagged intact leaves on a 
vigorous 12-year-old tree growing in the 
experimental orchard of the Citrus Ex- 
periment Station at Riverside. Material 
for leaf-thickness studies was selected 
weekly from a population of tagged 
leaves on the same tree. At the time of 
tagging all leaves were approximately 5 
mm. in length. 

Fresh material was used in the ana- 
tomical study of all except the youngest 
stages of growth. This is particularly im- 
portant in dealing with abscission. Stem 
tips with leaf primordia were fixed in 
formalin-acetic-alcohol and_ thereafter 
imbedded, sectioned, and stained with 
Delafield’s haematoxylin, safranin, and 
fast green or with erythrosin and crystal 
violet (10, 21). Similar material, cleared 
in hot or boiling chloral hydrate until 
transparent and mounted in glycerin di- 
rectly or after treatment with phloro- 
glucin and HCl, demonstrated the origin 
of provascular and vascular tissue, and 
also the distribution of oil glands, 
stomata, calcium oxalate, and hesperi- 
din. 

Cell shape and intercellular spaces 
were studied on paradermal and trans- 
verse sections of fresh material cut by 
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» hand or on the freezing microtome, and 
the results were confirmed by the study 
of similar sections of imbedded leaves of 
all ages. 

Plasmodesmatal connections were 
readily demonstrated, though not per- 
manently preserved, by killing in IKI 
and thereafter irrigating slowly with 
80% H,SO,. Continuous observation 
during this test is essential. Protoplasm, 
including nuclei and plastids, is stained 
deep brown. On the addition of the acid, 
cellulose walls swell, become blue, and 
sooner or later disintegrate, leaving a 
perfectly defined protoplasmic reticu- 
lum. If the acid enters rapidly, then the 
plasmodesmata become very much 
stretched, but if it is allowed to percolate 
slowly under the cover slip, then the 
protoplasmic strands remain approxi- 
mately their normal length, the thick- 
ness of the cell wall. 

The IKI-H,SO, method was also used 
in demonstrating the occurrence of 
suberin lamellae in intercellular spaces 
in the middle lamellae, and as a tertiary 
layer within the cell. 

Standard microchemical tests were 
used in studying the distribution of 
starch, calcium oxalate, and fatty sub- 
stances (44). Steimetz fluid was useful 
occasionally in the examination of fresh 
material (21). Preliminary immersion 
overnight in IKI accentuated clearly and 
simultaneously the distribution of starch, 
fat, lignin, and suberin. 


Observations 


The development of a leaf is a continu- 
ous process, but, for the sake of clarity 
in description, it will be discussed under 
the following headings: (a) resting bud 
and meristematic primordia; (b) expand- 
ing leaf; (c) maturing leaf; and (d) leaf 
fall. The first three phases—meristemat- 
ic, expanding, and maturing—are direct- 


ly related to the growth regions of the 
shoot—apical meristem, region of elonga- 
tion and differentiation of primary tis- 
sues, and region of secondary thickening 
—while the fourth phase is followed by 
leaf-scar formation. 


RESTING BUD AND MERISTEMATIC 
PRIMORDIA 


Between “flushes of growth’”' the rest- 
ing bud is covered by three to five small 
green bud scales which are roughly tri- 
angular in outline, swollen at the base, 
and blunt or tapering at the apex. Tri- 
chomes one- or many-celled, may occur 
along the scale margins (fig. 15). The 
scale leaves may occasionally dry out and 
appear shriveled and brownish in color. 
Within the bud scales lies the apical 
dome, encircled by eight leaf primordia. 
The number of leaf primordia is predict- 
able from the phyllotaxy, $, as evident 
in older twigs. 

At the beginning of growth as the 
scales are shed, the leaf primordia range 
in size from the microscropic arc of leaf 
1 to the slender blade and petiole, approxi- 
mately 2 mm. in length, of leaf 8 (figs. 2, 
3, 12). In primordium 2, which overlaps 
the apical dome (fig. 4), the median pro- 
vascular strand differentiates acropetally 
and is flanked by vacuolating dividing 
cells. Spiral elements appear at the base 
of leaf 3, trichomes at its apex (figs. 5, 6). 
The initiation of blade development ap- 
pears in slight lateral swellings of pri- 
mordium 4, and in this primordium is 
also foreshadowed the differentiation 
into lamina and petiole (figs. 7, 13). The 
midrib extends as far as the first clearly 
defined terminal oil gland. Stomata are 
present on the dorsal surface. In primor- 
dium 5 the midrib forks right and left of 

'The terms “flushes of growth,” “growth 


flushes,” or “growth cycles” indicate the times of 
year, spring or fall, when new leaves are produced. 
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the terminal oil gland. The asymmetry 
characteristic in later growth is evident 
in the unilateral development of spiral 
elements (figs. 8, 11). 

Up to this point the leaf primordia 
consist mainly of midrib tissue, but in 
primordium 6 the flanges of marginal 
meristem become active, and the blade, 
at this stage folded, begins to appear 
(fig. 9). The future absciss layer between 
blade and stalk is indicated by a con- 
striction. Trichomes are more or less 


EXPANDING LEAF 

Although the leaves of deciduous 
plants such as Vitis expand and mature 
in the relatively short period of 40 days 
(23), the leaves of evergreen trees such 
as Citrus and Abies expand and mature 
much more slowly. In Abies lasiocarpa, 
for instance, growth in blade length con- 
tinues for more than 2 years (40). In 
order to determine the period of growth 
of Valencia orange leaves, five leaves ap- 
proximately 5 mm. in length (this size of 





DAYS 


80 100 120 “40 


Fic. 1.—Average corresponding increases in dimensions of five Valencia orange leaves 0.6 cm. in length 
from spring until fall flush of growth. A, leaf thickness. B, blade length. C, blade width. Blade length and 
width are given on left ordinate in centimeters; blade thickness on right ordinate in microns; time in days 


on abscissa. 


frequent on the ventral surface and are 
most conspicuous at the proximal end 
of the lamina and on the distal end of the 
petiole. Additional oil glands are ap- 
parent—also stomata in various stages 
of differentiation on the dorsal surface. 
Spiral vessels are now differentiated in 
both prongs of the apical fork of the mid- 
rib surrounding the terminal oil gland 
(fig. 10). 

Primordia 7 and 8, the remaining 
leaves of the meristematic phase of 
growth, measure 1.8 and 1.9 mm. long, 
respectively, and in them further devel- 
opment of blade, vascular tissue, oil 
glands, and stomata is apparent. 


leaf is the smallest which can be handled 
without injury) were tagged in spring, 
and their length and width were meas- 
ured and recorded weekly until early fall. 
The following measurements of growth 
therefore date from the time that the 
leaf had attained a length of 5 mm. At 
the time of each weekly measurement 
five other leaves of approximately the 
same size were picked, fixed, imbedded, 
and sectioned in order to determine 
blade thickness. All measurements. of 
blade thickness were made near the cen- 
ter of the lamina. 

Growth in blade length and width ini- 
tiated during the spring flush of growth 
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ics. 2-11.—Terminal bud. G, gland; /R, meristem; PVST, provascular strand; 5S, stoma, SV, spiral 
vessel; 7, trichome. Fig. 2, cleared stem apex showing position of leaf primordia. Fig. 3, transection of simi- 
lar stem apex (camera lucida). Figs. 4-9, primordia 1-6 showing beginning of vascular differentiation. Figs. 
10, 11, tip of midrib of primordia. 
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lics. 12-17.—Fig. 12, detail of longisection of apical meristem, showing primordium 17 and base of 2 
camera lucida). Fig. 13, detail of beginning of lamina of primordium 4 (camera lucida). Figs. 14-17, general 
structure of leaf. CAO, calcium oxalate; COL, collenchyma; EP, epidermis; F, fiber; G, gland; GR, groove; 
!S, intercellular space; PAL, palisade; PH, phloem; S, stoma; SP, spongy mesophyll; SV, spiral vessel; 
X, xylem. Fig. 14, diagram of mature leaf, showing principal veins. Fig. 15, diagram of leaf scale. Fig. 16, 


diagram of transection of mature leaf, showing distribution of tissues. Fig. 17, transection of mature leaf, 
showing small vein and other tissues. 
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continued for about 130 days (fig. 1). 
Two marked periods of accelerated 
growth occurred within this time, the 
first after 13 days. This was followed by 
a period of decreased rate of expansion, 
which continued until about the ninetieth 
day. A second period of rapid expansion 
then began, which continued until the 
leaf was approximately 128 days older 
than the initial 5-mm. stage. The two 
periods of rapid expansion coincide with 
the spring and fall growth flushes. The 
rate of increase in blade length is con- 
sistently a little greater than the rate of 
increase in blade width. 


TABLE 1 
MEASUREMENTS IN MICRONS OF TYPICAL INDI 
VIDUAL CELLS IN YOUNGER AND OLDER 


LEAVES AS SEEN IN TRANSECTION OF MID- 
LEAF 


Epidermis Mesophyll 


Young leaf.... 


| 4X14 Undifferentiated 


(0.7 Xo. 2 cm.)} | 15X15 
Old leaf | «i9X15 | (Palisade 
(11X5.8 cm.) | |} 28X10 

| | Spongy 
38X38 


The rate of increase in leaf thickness 
during the first 65 days is relatively 
more rapid than is the rate of increase in 
either blade length or width. Full thick- 
ness is attained in about 80 days (fig. 1). 
The tree is thus provided with a poten- 
tially highly functional new photosyn- 
thetic leaf area for the winter season. 
A study of the rates of expansion in leaf 
dimensions and their timing indicates 
that fundamental changes occur in the 
sizes of cells of the various laminar tis- 
sues. That interaction of rate and time 
of cell expansion determines to a large 
degree cell shape within the leaf will be 
shown later. 

The expanding leaf feaches its full size 
during the second phase of development. 


BOTANICAL GAZETTE 


During this phase it is light-green in 
color, soft in texture, and wilts immedi- 
ately upon picking. The lamina and 
winged petiole are delimited by the 
groove marking the future laminar ab- 
scission layer. The midrib projects on the 
dorsal surface and is marked by swellings 
at the junction of leaf blade and stalk 
and also at the leaf base. Orientation of 
the leaf in relation to light frequency re- 
sults in torsion of the leaf base. 

During this period of expansion, dif- 
ferentiation of primary tissues is com- 
pleted. Palisade and spongy mesophyll 
appear and, concurrently, the intercel- 
lular spaces. Stomata, oil glands, calcium 
oxalate, idioblasts, and vascular tissues 
continue to develop (figs. 16, 17). In- 
crease in cell size is indicated in table 1. 


VASCULAR TISSUE AND _ ABSCISSION 


_ZONES.—During the second phase of de- 


velopment the primary vascular system 
is completed (fig. 18). At the leaf tip, 
elongate spiral elements differentiate, 
first, along the vascular fork. Irregular, 
shorter, and thicker cells appear later 
and are frequently roughly isodiametric 
in outline and project from the main sur- 
face of the vein. Lateral veins arise 
basipetally and asymmetrically, the first 
proximal to the apical oil gland (fig. 19). 
Within the lateral provascular strands, 
differentiation of spiral elements pro- 
ceeds in continuous linear series from 
midrib to leaf margin and thereafter in 
both directions toward leaf tip and leaf 
base. At the same time discontinous foci 
of spiral vessel differentiation and ligni- 
fication appear along the marginal veins 
(figs. 20, 21). Provascular and vascular 
differentiation keeps pace with oil-gland 
formation, and developing veinlets may 
be traced from the marginal veins to the 
oil-gland bases. 

While the main pattern of venation— 
midrib, laterals, and marginal veins—is 
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gland; PVST, provascular strand; SV, spiral v 


Fics. 18-21.—Venation. G, 
4.6 mm. long, showing midrib cleft at leaf tip, 
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ig. 19, detail of leaf tip (level J). Figs. 20, 21, 


argin (fig. 20, level JJ; fig. 21, level JZJ). 
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being defined, the interlateral areas dif- 
ferentiate into a mosaic of vein islets. 
The size of vein islets or areoles is ex- 
tremely variable (figs. 22, 23). In the 
smaller veinlets, spiral elements may 
differentiate in linear series from midrib, 
laterals, or marginal veins. As in the case 
of the marginal veins, however, discon- 
tinuous foci of lignification also appear. 

The nodal structure is readily seen in 
cleared material (fig. 24). Three leaf 





BOTANICAL GAZETTE 


includes sieve tubes, companion cells, 
and phloem parenchyma. The xylem 
consists, at first, of primary spiral vessels 
and occasional tracheids only, while sec- 
ondary pitted vessels, tracheids, and 
xylem fibers differentiate later. As in the 
stem, the outer pith is made up of smaller 
elements which grade into the larger cells 
of the central core. 

The anatomy of the midrib is modified 
in the laminar and nodal abscission re- 





24 


Fics. 22-24.—Venation and node. Fig. 22, cleared mature leaf tip. Light spots indicate oil glands par- 
ticularly clear along leaf margin. Fig. 23, detail of leaf areoles from mid-leaf. Fig. 24, cleared node showing 


leaf traces. 


traces enter the leaf base, the largest of 
which—the median— is flanked by two 
smaller laterals. Within 1 mm. of the 
base, the traces unite to form a siphono- 
stele which continues throughout the 
petiole and the greater part of the mid- 
rib. The outline of the stele, except in the 
laminar abscission region, is roughly 
semicircular, the diameter ventral in 
position (fig. 80). The stele is delimited 
by a starch sheath and by a more or less 
continuous cylinder of pericyclic fibers 
which become lignified except in the 
laminar and nodal abscission regions. 
The vascular tissues 6f the midrib are 
similar to those in the stem. The phloem 


gions (figs. 25-27, 29, 30). Structural 
weakness is evident in both—in the lack 
of lignification of the pericyclic fibers, the 
shortness of the vessel segments (fig. 28), 
and the increase in the vascular paren- 
chyma. In older leaves when secondary 
thickening begins concurrently in stem 
and petiole, the inherent weakness is 
further accentuated in the comparative 
lack of xylem fibers and their unlignified 
condition if present. 

The laminar abscission region differs 
from the nodal in the presence of a defi- 
nite abscission zone (fig. 31). This band 
of cells, approximately ten layers deep, 
lies at the distal end of the petiole almost 
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Fics 25~31.—Abscission. 4 BZ, abscission zone; CX, cortex; F, fiber; G, gland; L, lamina; LAB, laminar 
abscission zone; VAB, nodal abscission plane; P, petiole; PB, petiole base; SV, spiral vessel. Fig. 25, dia- 
gram of longisection through lamina, petiole, and leaf base. Figs. 26, 27, diagrams of longisections 
through abscission zones, laminar and nodal, respectively. Fig. 28, camera lucida drawing of vessels from ab- 
scission zones, showing short vessel-segments. Figs. 29, 30, diagrams of paradermal sections below and 
through midrib in laminar-petiolar abscission region. Fig. 31, soft green leaf, cortex of midrib: parader- 
mal section showing dividing cells. 








390 BOTANICAL GAZETTE 


level with the groove and is distinguished 
by the smaller size of cells, lack of inter- 
cellular spaces, and comparatively pro- 
longed meristematic activity. Abscission 
eventually occurs along the separation 
layer, the distal face of the absciss zone. 

In contrast, no definitive abscission 
tissue is present in the nodal abscission 
region. The line of rupture is first indi- 
cated in older leaves by differential dis- 


tribution of starch and _ intercellular 
spaces. 
EPIDERMIS AND CORTEX.—Epidermal 


cells are polygonal in outline and more or 
less uniform in size. The outer walls are 
cutinized and coated with wax, which is 
secreted through minute canals similar 
to those in the fruit rind. On treatment 
of sections with IKI-H,SO, it is evident 
that these canals are lined with proto- 
plasmic threads similar to plasmodes- 
mata. Protoplasmic activity within these 
channels is presumably responsible for 
the maintenance of the waxy surface 
(figs. 40, 41). 

The comparative uniformity of the 
epidermal mosaic is broken by stomatal 
areas and gland cover cells. Stomatal de- 
velopment may be followed from the leaf 
primordia onward and resembles that 
seen in the fruit rind (figs. 32-38). The 
stomatal mother cell is first distinguished 
by its isodiametric outline and the com- 
parative density of the protoplast. When 
cell division occurs, the daughter cells 
assume the characteristic outline of 
guard cells. Thickening and cutinization 
along the median third of the dividing 
wall mark the position of the future 
stoma. Meanwhile, the surrounding cells 
divide by walls roughly parallel to the 
circumference of the guard cells. Ulti- 
mately, the mature guard cell is bordered 
more or less completely by a zone of nar- 
row accessory cells similar to, but fewer 
in number than, those in the fruit. As in 


the fruit, the accessory cells are but thin- 
ly cutinized and disintegrate very soon 
upon treatment with IKI-H,SO,, while 
the rest of the outer wall of the epidermis 
persists intact (fig. 39). Stomata are nu- 
merous on the lower surface of the leaf 
while only a few appear along the midrib 
on the upper. Variation in stomatal num- 
ber and distribution has been discussed 
in numerous previous papers (8, 32). 

Gland cover cells are distinguishable 
principally by their translucence, result- 
ing from the increased oil content of the 
protoplast and walls, and also by their 
roughly radial orientation. 

The cortex of the petiole includes 
chlorenchyma and collenchyma. The 
former consists of comparatively short 
palisade cells continuous with the pali- 
sade tissue of the petiolar wings. Col- 
lenchyma occurs as longitudinal strands 
above and below the midrib, at the level 
of the laminar groove, and also at the 
leaf base, where it encircles the stele. 

INTERNAL SURFACE, SPONGY AND PAL- 
ISADE PARENCHYMA.— Differentiation of 
spongy and palisade parenchyma and, 
concurrently, of intercellular spaces, is 
completed during the second phase of 
development. In figures 42-46 are indi- 
cated the cross-sectional areas of inter- 
cellular spaces at various levels of the 
fully expanded leaf. These areas are of 
maximum size at vein level, i.e., in mid- 
mesophyll, near the center of the leaf 
areoles. Development of intercellular 
space depends on the differential dura- 
tion of cell division in the various tissues. 
Cell division ceases, first, at vein level, 
and the cells of the middle mesophyll 
thereafter keep pace with continuing leaf 
expansion by stretching growth only and 
differentiate as the large and characteris- 
tic armed cells of the spongy mesophyl!. 
Meanwhile, in the remaining tissues— 
upper epidermis, palisade, lower spongy 
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Fics. 32-41.—Differentiation of stomata and epidermal cells. CAO, calcium oxalate; GC, guard cell; 7S 


intercellular space; VW, new wall; PD, plasmodesmata; PL, plug; PT, pit; RC, respiratory chamber; RGC, 
remains of guard cell; S, stoma; SB, suberin; SC, subsidiary cell; SE, subepidermal cell; SMC, stomatal 
mother cell; WX, wax; WXC, wax canal. Figs. 32, 33, 34, surface of epidermis; stomatal mother cell and 
two early stages of differentiation; subsidiary cells in fig. 34; size of mother cell 9 X 8 u. Figs. 35, 36, fur- 
ther stages of differentiation, with underlying hypodermal cells, intercellular spaces, and calcium oxalate 
idioblasts. Fig. 37, mature stoma surrounded by subsidiary cells, lightly cutinized in comparison with other 
cells. Fig. 38, mature leaf, transection of stoma, showing suberization of intercellular space. Fig. 39, mature 
stomatal area after treatment with IKI-H,SO,, showing dissolution of subsidiary cells. Fig. 40, epidermal 
cells, surface view, after treatment with H.SO,, showing wax canals. Fig. 41, mature leaf, transection of 
stomata during treatment with IKI-H,SO,, showing suberization of respiratory chamber, stomatal plug, 
Wax Canals, stratification of epidermis, and plasmodesmata. 
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mesophyll, and lower epidermis—cell di- 
vision continues considerably longer. As 
a result, the cells of these tissues, in their 
small size, contrast markedly with those 
of the central spongy layers. 





\'iGs. 42-46.—Tissues of mature leaf at different 
levels to show intercellular spaces. JS, intercellular 
space; PD, plasmodesmata. Fig. 42, lower epidermis. 
Fig. 43, hypodermis. Fig. 44, lower spongy meso- 
phyll. Figs. 45, 46, mid-mesophyll. 


In meristematic tissues new cell walls 
are distinguished first as tenuous mem- 
branes ensheathed in a_ protoplasmic 
plate. As they become clearly defined, 
they are seen invariably to become an- 
chored to the wall of the parent cell in 
plasmodesmatal areas (figs. 111-112). 

The cells of the palisade and spongy 
tissues, though differing markedly in 


mature form, nevertheless follow 
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the 





[JUNE 


same fundamental pattern of develop- 
ment next to be considered in detail. 

In spongy tissue two principal cell 
shapes occur, the eight-armed cell (figs. 
47-57) and the six-lobed cell (figs. 58- 
68). The eight-armed cells occur near the 
center of the areoles at vein level, while - 
the six-lobed cells compose the marginal 
tissue closer to the veins and the lower 
spongy parenchyma. 

The meristematic cells of the leaf pri- 
mordia are typically tetrakaidekahedral 
in outline (30). Cell division continues 
while the cells expand and become spheri- 
cal and while, at the same time, inter- 
cellular spaces appear. All cells, however, 
remain interconnected by plasmodes- 
mata, eight in the case of the typical 
spherical element. Gradually, cell divi- 
sion slows ‘down and stops, first in mid- 
areole at vein level. The mid-mesophyll 
tissue thereafter keeps pace with growth 
in area of the leaf as a whole, by expan- 
sion of both cells and intercellular spaces. 
The erstwhile spherical cells expand more 
or less evenly in all directions, becoming, 
first of all, eight-lobed and, finally, eight- 
armed. The mid-mesophy)) in mid-areole 
is the zone containing the largest inter- 
cellular spaces found within the leaf. The 
eight-armed cells are similar in form, 
though not in size, to the typical albedo 
cells of the citrus rind. 

The shape of mature cells is deter- 
mined by the time of cell division in rela- 
tion to the expansion of the lamina as a 
whole. In considering differentiation of 
the six-lobed cell, it is necessary to study 
the effects of cell division on the number 
of cell contacts. In meristematic tissue, 
when active cel] division occurs, the num- 
ber of contacts is temporarily altered to 
more or less than eight. Thus in optical 
section any one meristematic cell may 
connect with three, four, five, seven, or 
more adjacent elements. During this pe- 
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riod of active division the fundamental 
hexagonal pattern of structure remains 
obvious in the distribution of the larger 
and older and of the smaller and younger 
intercellular spaces and also in the con- 
stantly recurring restoration, during 
growth, of the initial six-cell contacts. 
The relative time of division, more or 
less recent, is indicated by the thinness 
and orientation of the new cell walls. If 
a typical spherical cell with eight con- 
tacts divides twice in rapid succession 
and if the adjacent cells are not at this 
moment dividing, then three daughter 
cells result, each of which is in contact 
with six others. Sooner or later thereafter 
the original intercellular spaces enlarge, 
and, in the center of the daughter cells, a 
new space appears. Three daughter cells, 
six-lobed, in contact with four ce))s (opti- 
cal section) and with two others above 
and below, are illustrated in the photo- 
graphs of the plastic models constructed 
by one of us from camera lucida drawings 
of the cells of a lemon leaf vein islet 
(figs. 69, 70). 

In the mature palisade (figs. 71-77) 
similar typical cell shapes are distin- 
guished, such as eight-contact and six- 
contact cells. These are the counterparts 
of the eight-armed and six-lobed cells of 
the spongy mesophyll, but in them the 
plasmodesmata pass through barely de- 
fined papillae or low ridges instead of 
through well-developed arms or lobes. In 
palisade tissue, cell division continues 
later than in the spongy tissue, with the 
result that all cells are considerably 
smaller. 

The pattern of development in pali- 
sade tissue resembles that in spongy 
parenchyma. Palisade cells, like spongy, 
differentiate from  tetrakaidekahedra 
which are indistinguishable, except by 
position, from future spongy mesophyll 
elements in the leaf primordia. The pali- 
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sade polyhedra become spherical, and 
intercellular spaces develop, while plas- 
modesmata, typically eight per sphere, 
maintain intercellular connections. Very 
soon after the appearance of intercellular 
spaces, divergence in development oc- 
curs. When the leaf measures + 3 cm. in 
length, the palisade cells elongate, be- 
come ellipsoidal, and assume their char- 
acteristic outline. 

In the mature leaf the palisade cells 
vary greatly in diameter, and the diame- 
ter of the largest may measure more than 
twice that of the smallest, + 15 u in con- 
trast to + 6u (figs. 73, 74). The larger 
cells, in general, occur near mid-areole, 
while the smaller line the areolar mar- 
gins. The time of cell division in relation 
to leaf expansion as a whole is respon- 
sible for the number of cel) contacts. If a 
palisade cell differentiates early in the 
middle of a leaf areole and is relatively 
free to expand in width as in length, then 
such a cell remains connected by plas- 
modesmata with eight other cells. In 
optical sections parallel to the leaf sur- 
face these typical eight-contact cells ap- 
pear surrounded by six others. If, on the 
other hand, cell division occurs relatively 
late and free expansion is not possible, 
then the number of contacts is altered 
to more or less than eight. 

Plasmodesmata in the mature palisade 
cells are of two types, pit and diffuse 
(figs. 75, 76, 77). The former occur com- 
monly near the outer and lower ends of 
the cell, terminal or subterminal in posi- 
tion. The latter, the diffuse, consist of 
very numerous slender single strands 
which may interlock adjacent cells 
throughout the entire vertical length of 
the cell wall. Presumably they either 
may result from separation of initial 
strands during cell-wall extension or may 
originate directly during the latest divi- 
sion of the cylindrical cells. 


Fics. 47-57.—Differentiation of eight-armed cells. /.S, intercellular space; M, mitosis. Figs. 47, 48, dia- 
grams of transection of tetrakaidekahedra and spheres. Figs. 49, 50, diagrams of increased intercellular 
spaces and resultant lobe and branch formation. Figs. 51-57, camera lucida drawings for comparison with 
diagrams. Figs. 51, 52, transections of soft green leaf, meristematic stage. Cf. figs. 47, 48. Fig. 53, tangential 
section of lower mesophyll of mature leaf, showing lobed cells (cf. fig. 49). Fig. 54, transection of mature leaf 
showing armed cells of spongy mesophyll (cf. fig. 50). Figs. 55, 56, eight-armed cells from mid-mesophyll. 
Fig. 57, six-armed cell. 
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ae nds space; . new wall. Figs. «< , = SIX- Sells. 
ietcaletdabs 2 : , hew wall. 4 eS é 
Seumneseneenell which division is taking place by two pos z a rong ome Fig. 36, tcansection of 
d as tetrakaidekahedr rine ; : ssive walls. Fig. 59, transecti Ee 
Casini \wactiies diimeadinais ay round off. Figs. 60, 61, further development of intercellular spac _ of sphere 
meristematic stage ro ‘or Comparison with figs. 58~6s. Figs. 62-6s, teansections of . e. Figs. 62-68, 
BSssentlation ry showing formation of new cell walls. Figs. 66, 67, paradermal s ie So . green leaves in 
r of mesophyll. Fig. 68, paradermal section of mnnnnghjt Ga figs Sabon sadileahsa alba 
3 : . hgs. 59, 60, Or). 


395 








396 


ERGASTIC SUBSTANCES—The princi- 
pal ergastic substances which may be 
distinguished microscopically are starch, 
calcium oxalate, fatty substances, and 
the usual wall materials, including suber- 





FIGs, 69, 70. 
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mottled, the areoles becoming lighter and 
the veins a darker green (figs. 78, 79). At 
this time of year (November), mottling 
results from differences in chloroplast 
size and starch content. In light areas the 





Photographs of lucite models of spongy mesophyll cells of lemon leaf; cells made to scale 


from camera lucida drawings. Fig. 69 (left), triad arrangement around vertically inclined intercellular 
spaces. Four lateral lobes and one of two vertical lobes of each cell are shown. Lateral lobe faces are at 120° 
and 60° angles. Fig. 70 (right), cells arranged in fours around intercellular spaces. Replacement of single cell 
oriented along intercellular space in longer dimension in this grouping by two cells oriented on intercell- 
ular space in shorter dimension results in group of five cells bordering intercellular space. When all cells bor- 
dering intercellular space are oriented with their shorter dimensions on intercellular space, six cells consti- 


tute unit grouping. 


in and wax. Hesperidin crystallizes out 
upon partial dehydration of cells in alco- 
hol or other reagents but is not consid- 
ered in this paper. 

During the second phase of growth, 
starch appears as usual in the chloren- 
chyma of lamina and petiole, in the guard 
cells, and in the bundle sheaths. Toward 
the end of the period the leaf becomes 





plastids in mid-areole are comparatively 
small, completely filled with starch—one 
single grain only, as a rule—and re- 
semble those in young cells in that the 
majority are still clustered around the 
nucleus. In contrast, chloroplasts in the 
darker areas are almost twice the size of 
the former, are generally parietal in posi- 
tion, and contain only the usual minute 














indi 
dian 
Figs 
plas 


edh: 
this 
and 
leay 
rect 
mis 
plas 


SOO] 


the 
the 
are 





cale 
ular 
120° 

cell 
cell- 
bor- 


nsti- 


vely 
one 
re- 
the 
the 
- the 
ze 0! 
posi- 


nute 3 








ne Seeded 


————— 


a cain) alee elammalalall 





SRT TRS RTP TS MN 














1048] SCOTT ET AL. 
transitory starch granules. As the leaf 
becomes uniformly dark-green, reserve 
starch accumulates throughout the leaf 
and is particularly conspicuous in bundle 
sheath, rays, and pith of the midribs and 
larger veins (figs. 80, 81, 84-87). 

Mature crystal idioblasts of citrus 
(figs. 90-96) have been described repeat- 
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limit of visibility. Sheath and crystal are 
suspended near the center of the cell by 
protoplasmic strands anchored to the 
wall by plasmodesmata. Sooner or later, 
crystals increase in size and more or less 
completely fill the cell cavity. The char- 
acteristic cellulose sheath keeps pace 
with crystal growth and becomes heavy 





ics. 71-77. Cell shape in palisade tissue. PD, plasmodesmata. Figs. 71, 72, mature leaf, transection, 
indicating cell contacts (camera lucida). Figs. 73, 74, similar leaf, paradermal section, showing variation of 
diameter of palisade cells and variation in number of cell contacts around typical cells A, B (camera lucida). 
Figs. 75-77, transections and paradermal section through palisade tissue during IKI-H.SO, test, showing 


plasmodesmatal connections (camera lucida). 


edly in earlier papers. It will suffice at 
this time to outline their development 
and indicate their distribution. In young 
leaves + 2 cm. in length, idioblasts are 
recognized in upper and lower hypoder- 
mis by their larger size and denser proto- 
plasmic content. Minute crystals are 
soon apparent within one or the other of 
the protoplasmic strands, generally near 
the center of the cell. By the time that 
the crystals measure from 4 to 5 w, they 
are tabular in outline and are incased 
within a tenuous sheath which is at the 


at the crystal base but remains tenuous 
at the apex. Meanwhile, the wall of the 
idioblast may thicken until sheath and 
wall are in contact at one or more points. 
Plasmodesmatal connections with adja- 
cent cells are demonstrable during solu- 
tion of crystal and cellulose in IKI- 
H,SO, (fig. 94). 

In younger leaves the characteristic 
larger idioblasts are conspicuous im- 
mediately beneath both upper and lower 
epidermis, while the smaller are relative- 
ly few in number and may occur near the 
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fibers of the bundle sheath. In palisade 
tissue, idioblasts roughly encircle oil 
glands, and in the spongy tissue, both oil 
glands and stomata. A semi-quantitative 
picture of their distribution is given in 
table 2. 

Calcium oxalate may also occur in the 
form of occasional druses similar in 
structure and development to those in 
Ricinus. 





Fics. 78, 79.—Mottled leaf. C, chloroplast; 
TS, intercellular space; ST, starch. Fig. 78, light 
area, mid-areole, transection of palisade showing 
large starch grains in small plastids clustered around 
nucleus (camera lucida). Fig. 79, dark area, near 
vein, showing larger chloroplasts, parietal in posi- 
tion, containing minute transitory starch grains 
(camera lucida). 


Oil is conspicuous in the repeatedly 
described oil glands (36, 50) (fig. 17). The 
schizolysigenous origin of the glands is 
readily followed in developing leaves. A 
certain amount of oil is present in other 
cells in the form of minute droplets. 

Hitherto, as far as the authors are 
aware, suberin has been mentioned in 
literature about normal leaves only in 
connection with leaf fall.* Deposition of 
this substance, however, is not confined 
to absciss zones and to the time of leaf 
fall but may be detected throughout all 
tissues of growing leaves (Figs. 97-110). 
It becomes increasingly evident with in- 
crease in leaf age, and the leathery tex- 
ture of older leaves depends not only on 
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thickening of cuticle and strengthening 
of veins but also on internal suberization. 
In soft green leaves about half-grown, in 
which mesophyll differentiation is well 
advanced, suberin is evident as a film on 
both outer and inner surfaces of the cell 
wall. When first detected, both films are 
at the limit of visibility but stand out 
distinctly on staining with IKI. The 
outer film lines the intercellular spaces, 
the internal surface of the leaf, while the 
inner resembles a tertiary wall layer 
within the living cell. Irrigation with 
H,SO, results in the usual blue colora- 
tion and swelling of the cellulose walls 
and brings the films into clear, though 
temporary, relief. The film lining the in- 
tercellular space darkens, may become 
granular, wrinkles, and sooner or later is 
detached from the swelling wall. By the 
time that the cellulose has completely 
dissolved, the pellicle is generally frag- 
mented but may still be traced as a 
dotted line of material insoluble in 
H,SO,. The intracellular pellicle may be- 
have in the same way but is more tenuous 
and therefore fragments and disappears 
more easily. It may adhere partially or 
completely, however, to the contracted 
protoplast. 


MATURING LEAF 


The mature leaf is dark-green in color, 
firm in texture, and does not wilt readily. 
Mature leaves differ from younger prin- 
cipally in the following characters: 
(a) secondary thickening of veins, 


2In a letter to Dr. F. M. Turrell from Dr. B. F. 
Lutman, dated May 30, 1934, the writer stated: 
“A cursory study of young apple leaf sections, 
however, has given me the impression that some of 
the pulp parenchyma cells might be somewhat 
cutinized.”” On June 22, 1934, Dr. Lutman con- 
tinued: “As I wrote you before, in my study of 
young apple leaves I found from the staining we 
had used (the Triple, with strong emphasis on the 
Orange G.) that many of the pulp parenchyma 
cell walls were apparently cutinized.” 
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(b) change in the starch—calcium oxalate 
balance; and (c) thickening of cuticle and 
increase of suberization of internal sur- 
face. 

SECONDARY THICKENING OF VEINS— 
As in leaves in general, the cambial zone 








Fics. 80-83. 
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and pith, and somewhat less abundant 
in abscission regions and in the inner 
cortex of the midrib and major veins. 
Sooner or later, starch is replaced by 
calcium oxalate except in vascular rays, 
outer pith, and the abscission regions. 


Diagrams of starch-calcium oxalate balance. AB, axillary bud; CAO, calcium oxalate; 


CX, cortex; F, fiber; G, gland; PH, phloem; PTH, pith; R, ray; SS, starch sheath; ST, starch; UF, unligni- 
fied fiber. Fig. 80, transection of base of lamina of mature leaf. Fig. 81, longisection of mature leaf showing 
starch distribution. Fig. 82, longisection of abscising leaf showing calcium oxalate. Fig. 83, transection of 


abscising leaf. 


is but weakly defined. In the midrib and 
major veins of mature leaves, however, 
typical secondary elements, such as pit- 
ted vessels and fibers, supplement the 
primary spiral elements. 

CHANGES IN STARCH-CALCIUM OXA- 
LATE BALANCE (figs. 82, 83, 88, 89).—By 
the time the leaf is mature, reserve starch 
is relatively abundant in all tissues. It is 
particularly conspicuous in parenchy- 
matous cells, such as starch sheath, rays, 


THICKENING OF CUTICLE AND _IN- 
CREASE OF SUBERIZATION OF INTERNAL 
SURFACE.—The epidermis of the older 
leaves, in contrast to the younger, is 
heavily cutinized. Flanges of cutin ex- 
tend inward about one-third of the 
length of the radial walls. Stratification 
of the outer wall, wax canals, and pits is 
identified in the usual swelling reagents. 
The materials of the stomatal plugs are 
presumably secreted through the wax 










Fics. 84-89.—Starch distribution in longisections of laminar and nodal abscission zones. Figs. 84, 85, 
in soft green leaf. Figs. 86, 87, in hard green leaf. Figs. 88, 89, in abscising leaves. 








Fics. 90-96.—Differentiation of calcium oxalate idioblasts. Mid-lamina transections. CAO, calcium 
oxalate; PD, plasmodesmata; PT, pit; SB, suberin; SH, sheath; V, vacuole. Figs. 90-92, soft green leaves, 
+ 3.5 cm. long; crystal sheath ‘visible in fig. 92; fig. 90, idioblast size = 12 X 12y; fig. 92 = 26 X 26 py. 
Figs. 93-96, mature leaves, +8 cm. long; fig. 93, idioblast size 95 X 76 u. Fig. 94, idioblast during treatment 
with IKI-H,SO,. Fig. 95, suberization of idioblast wall and crystal sheath. Fig. 96, idioblast after solu- 
tion of crystal in chromic acid. 
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canals, which terminate on the inner face 
of the guard cells (figs. 40, 41). 

The distinction between internal su- 
berization of older and younger leaves is 
readily apparent before and after treat- 
ment with IKI-H,SO,. Suberin lamellae 
of intercellular spaces, barely visible in 
young leaves, are now clearly defined and 
may be approximately 1 yw thick, while 
the intracellular lamellae are somewhat 
thinner. Suberin lines the smallest inter- 
cellular spaces and thence may extend 
along the middle lamellae until the lat- 
ter are completely suberized. The result 
is that, after solution of cellulose in 
H,SO,, suberin remains in the form of 
angular fragments—the lining of the 
small intercellular spaces—or as a more 
or less complete network if suberization 
of the middle lamellae has been complet- 
ed. In addition, there appear fragments 
of the intracellular lamellae, more or less 
spherical but usually broken by the 
swelling of the cellulose walls. Reticular 
suberization occurs consistently at the 
bases of both lamina and petiole within 
+ 2mm. of the abscission plane. It also 
extends generally along the midribs and 
the larger bundle sheaths. As already 
noted, the starch of the bundle sheath is 
replaced by calcium oxalate crystals. 
Complete suberization of: sheath and 
idioblast wall means that the major veins 
are inclosed within a suberized envelope. 
Reticular suberization may also extend 
partially into the mesophyll adjacent to 
major veins in both lamina and petiole, 
from leaf base to leaf tip, likewise along 
the collenchyma of the leaf margin. 

Suberization is also evident around the 
fibers of the pericyclic region and sporad- 
ically within the phloem. Presumably in 
the latter tissue deposition of suberin 
does not occur sufficiently early to affect 
transport of reserves (starch) from the 
lamina (figs. 98-110). 


ORANGE LEAF 





LEAF FALL 


Leaf fall (figs. 113-124) occurs 
throughout the year but is most active 
during the seasonal growth flushes. When 
leaves are about to fall, the laminae and, 
later, the petioles turn yellow. Laminar 
abscission precedes nodal; thus, when the 
laminar absciss zone is fully differenti- 
ated, the blade falls at a touch while the 
petiole remains in place. If the nodal 
absciss zone is also mature, then the 
slightest jar is sufficient to cause simul- 
taneous nodal and laminar abscission. 

TABLE 2 
COMPARISON OF NUMBERS OF CAL 
CIUM OXALATE IDIOBLASTS AND 
STOMATA SEEN IN SURFACE VIEW 
OF UPPER AND LOWER EPIDERMIS 
AND OF OIL GLANDS IN MID-LEAI 
(CLEARED MATERIAL) 


Upper Lower 
surface surface 
Idioblasts 588/sq. mm 444 
Stomata Few on mid- 620 
rib 
Oil glands 2.9/sq. mm. 
LAMINAR ABSCISSION.—The _ tissues 


within the laminar-petiolar groove in- 
clude epidermis, collenchyma, abscission 
parenchyma, and stele. The epidermal 
cells, except for somewhat heavier cuti- 
nization, resemble those of lamina and 
petiole. The collenchymatous elements, 
compressed and tapering in outline, fan 
outward from the constricting groove 
and continue into the subepidermal mar- 
ginal collenchyma of lamina and petiolar 
wings (figs. 25, 26). The abscission paren- 
chyma differs from the adjacent cortex of 
lamina and petiole in the smaller size of 
the cells and in the lack of all but minute 
intercellular spaces, but the thickness 
and pitting of the cell walls are similar in 
all. The structural weakness of the vas- 
cular strand already noted in the young- 














Fics. 97-112.—CAO, calcium oxalate; F, fiber; 7S, intercellular space; PD, plasmodesmata; SB, suberin; 
ST, starch. Figs. 97-110, suberization of internal surface. Fig. 97, soft green leaf, spongy mesophyll parader- 
mal section; suberin lines intercellular spaces and also inner face of cell wall. Fig. 98, hard green leaf, starch- 
sheath region, transection; during IKI-H,SO, test, showing plasmodesmata, suberized walls, and swollen 
starch grains. Figs. 99, 100, hard green leaf, midrib near base of lamina, transections; outer and inner pith 
during IKI-H,SO, test, showing suberization of walls and plasmodesmata. Figs. 101, 102, hard green leaf, 
spongy mesophyll, paradermal sections; before and during IKI-H.SO, test. In fig. 102 is seen wrinkling of 
suberin lamellae in intercellular spaces. Fig. 103, hard green leaf, distal end of petiole, transection; cortex, 
showing suberization of wall. Fig. 104, abscised leaf, distal end of petiole, longisection; cortex, showing slight 
suberization of papillate cells. Fig. 105, hard green leaf, spongy mesophyll, transection; during IKI-H,SO, 
test, showing remains of suberin lamellae. Fig. 106, hard green leaf, midrib, longisection; showing suberiza- 
tion of calcium oxalate idioblasts in bundle sheath. Figs. 107-109, hard green leaf, cortex, transection; after 
IKI-H,SO, test, showing fragments of suberin network remaining. Fig. 110, hard green leaf, palisade, transec- 
tion; during IKI-H,SO, test, showing suberin pellicle around palisade cells and transformation of calcium 
oxalate to calcium sulfate needles. Figs. 111, 112, position of new cell walls. Fig. 111, soft green leaf, 3 cm. 
long; transection, upper epidermis, and differentiating palisade, showing position of new cell walls in rela- 
tion to plasmodesmatal areas, during IKI-H,SO, test. Fig. 112, soft green leaf, 3 cm.; similar transection 
after solution of cellulose walls, showing remaining protoplasts and plasmodesmata. 
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er leaf is further emphasized at this stage 
by the partial or complete lack of xylem 
fibers in the abscission region. The fol- 
lowing physiological or structural 
changes precede or accompany leaf drop: 
(a) partial replacement of starch by cal- 
cium oxalate and disappearance of the 
remainder (figs. 82, 83, 88, 89); (b) suber- 
ization of the basal tissues of the lamina; 
differential growth of abscission 
parenchyma; and (d) break of tissues at 
the separation layer. 


(Cc) 


Starch accumulates temporarily in all 
tissues of the mature leaf and is con- 
spicuous throughout the length of the 
midrib, including the abscission region. 
Sooner or later starch disappears from 
the cortex of the midrib, the starch 
sheath, the central pith, and, to a certain 
extent, the laminar tissues. It is replaced 
by solitary ensheathed crystals of cal- 
cium oxalate. Prior to leaf drop, the re- 
mainder of the starch present in the vas- 
cular rays and also in the outer pith dis- 
appears entirely except for a few small 
grains in scattered cells in the suberized 
basal region of the lamina. 

Earlier in this paper the beginnings of 
intercellular and intracellular suberiza- 
tion of the leaf tissues were described. 
Suberization increases markedly at the 
bases of both lamina and petiole. In the 
lamina all tissues are affected—collen- 
chyma, cortical parenchyma, starch 
sheath, vascular tissues, and pith. The 
lignification which frequently accom- 
panies suberization is sparse and appears 
in a few cells only. 

The anatomical changes most signifi- 
cant in actual leaf fall occur in the paren- 
chymatous cells of the abscission zone. 
Growth occurs in the cells of two or three 
distal layers of cortex and pith and also 
to some extent in xylem and phloem 
parenchyma (figs. 116, 117, I19, 120). 
As the cell walls extend, these cells may 
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reach twice or thrice their initial volume. 
The new cell-wall areas are thin and con- 
trast markedly with the original thick- 
ened cell bases. The walls consist of 
cellulose and pectic substances, but fine 
suberin films may also be identified (fig. 
104). Growth is most active in the middle 
cortex, and, as the cells expand distally, 
rupture of the middle lamella occurs be- 
tween new cellulose and old suberized 
cell walls. After abscission the enlarged 
cells round off and form a papillate sur- 
face, except for a serrated ring of xylem 
elements. In the latter the break occurs 
likewise at the middle lamella (figs. 113, 
114, 115, 118, 121, 122). That plasmodes- 
mata are ubiquitous throughout the leaf 
is apparent, and they are demonstrable 
in the abscission zones, both laminar and 
nodal. In the papillate cells minute rem- 
nants of protoplasmic strands remain 
extruded from the free rounded surfaces 
and indicate the point of previous inter- 
cellular connection (fig. 104). 

The complex curvature of the abscis- 
sion faces is clearly seen only after blade 
abscission. The laminar surface projects 
roughly as a flattened dome but is incised 
by a groove + o.1 mm. in depth, the line 
of break of the xylem cylinder. This 
groove surrounds the slightly projecting 
core of pith. The petiolar surface forms a 
shallow cup of corresponding dimensions 
and is marked by a projecting xylem rim 
equal in height to the depth of the lami- 
nar groove. The central pith is depressed 
to fit the projecting laminar tip. 

NODAL ABSCISSION.—The orientation 
of leaves in relation to light is brought 
about by curvature of the petiolar base. 
Hand-sections are, therefore, frequently 
essential in order to follow the gross dis- 
tribution of such ergastic substances as 
starch along the curving median plane 
from petiole to leaf base and stem. 

The nodal abscission zone, like the 
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IGS. 113~122.—Tissues of laminar abscission region after abscission, paradermal sections. EXW, ex- 
ternal cell wall; F, fiber; GR, groove; PC, papillate cell; PT, pit; PV, pitted vessel; SBC, suberized cell; 
ST, starch; SV, spiral vessel; XP, xylem parenchyma. Figs. 113-115, base of lamina. Fig. 113, groove and chi 
outer cortex, walls of proximal cells thickened and heavily suberized. Fig. 114, middle cortex, cells similar ner 
to those in outer cortex. Fig. 115, xylem of midrib, serrate outline resulting from fracture along middle the 
lamella. Figs. 116-118, distal end of petiole opposite laminar base. Fig. 116, groove and outer cortex, surface 
papillate cells, inner extended cells, distal new cell wall areas thin in contrast to thickened proximal cell bet 
bases, faintly suberized. Fig. 117, middle cortex, region of maximum growth, papillate and extended cells. low 
Fig. 118, xylem of midrib, serrate fracture as in laminar base. Figs. 119-120, detail of papillate and under- tas 
lying cells. Fig. 119, outer cortex. Fig. 120, middle cortex. Fig. 121, base of lamina, middle cortex, detail of ‘ 
thick-walled suberized cells. Fig. 122, distal end of petiole, detail of xylem of midrib. clu 
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laminar, is a zone of structural weakness 
(figs. 27, 123). Pericyclic fibers remain 
unlignified; xylem vessel segments meas- 
ure one-fourth to one-third the length of 
these elements in stem and in petiole, 
and xylem parenchyma is increased at 
the expense of xylem fibers. The nodal 
zone differs from the laminar in that, 
prior to leaf drop, the abscission plane is 
structurally undefined. In fresh material 
the plane of rupture is indicated approxi- 
mately by the differential distribution of 
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FIGS. 123, 124. 
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the lamina, all cells are affected, and, as 
before, lignification is slight and sporadic. 

Cell growth occurs in parenchyma- 
tous cells of the stem adjacent to the leaf 
base, i.e., in cortex, vascular parenchy- 
ma, and pith. The same contrast in wall 
thickness is evident as the cells attain the 
same proportional increase in volume. 
Growth is most active in the mid-cortex 
immediately below the median line of the 


base. Rupture occurs along the 





Nodal abscission, longisections. CAO, calcium oxalate; CB, cambium; PC, papillate cell. 


Fig. 123, median leaf trace and cortex in stem, showing papillate cells and serrate outline of broken vein. 


Fig. 124, leaf scar, 
lying phellogen. 


starch and of intercellular spaces, the 
position of the shorter vessel segments, 
and also a slight contrast between the 
compact chlorenchyma of the stem and 
the somewhat less compact chloren- 
chyma of the leaf base. 

The physiological and __ structural 
changes in the nodal abscission region 
nevertheless appear similar to those in 
the laminar region, viz., starch loss, su- 
berization, and differential growth, fol- 
lowed by tissue break. Starch loss is ac- 
companied or not by deposition of cal- 
cium oxalate. Intercellular and intra- 
cellular suberization is active on the six 
to ten cell layers at the leaf base. As in 


+ 72 hours old, showing collapsed papillate cells now suberized and beginning of under- 


larged cells and suberized leaf-base cells. 
After abscission, the leaf-scar surface is 
papillate except for a jagged ring of 
xylem. 

The surface of the leaf scar is slightly 
concave and is incised by an uneven 
groove, the maximum depth of which oc- 
curs at the breaking point of the median 
leaf trace. The surface of the leaf base is 
correspondingly convex and is marked by 
a projecting xylem rim, uneven in height, 
the complement of the stem-scar groove. 
Within 24-36 hours after leaf fall the 
scar dries out and changes in color from 
green to buff (fig. 124). In a median sec- 
tion of a scar + 72 hours old there ap- 
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pear the shriveled remains of the weakly 
suberized papillate cells, suberized and 
somewhat crushed cork cells, and an ac- 
tive cork cambium. The latter continues 
active as it keeps pace with stem growth. 


Discussion 

In view of their possible wide applica- 
tion to leaves in general the following 
statements based on the findings in the 
Valencia orange leaf merit discussion: 
(a) plasmodesmata are concerned in the 
determination of cell shape; (6) plas- 
modesmata control the orientation of 
new cell walls in dividing cells; (c) cell 
expansion with concomitant differential 
cell-wall growth and suberization of op- 
posing tissues is an important factor in 
the mechanism of leaf fall; and (e) the 
hardening of the leaf with age results 
mainly from progressive suberization of 
the internal surface. It seems probable 
that statements a, b, and d will apply to 
dicotyledons in general, while statement 
c may be shown to be of much wider ap- 
plication than is at present conceded. 

CELL SHAPE.—Variation in the shape 
of meristematic cells is recognized in 
many papers published in recent years 
(13, 14, I5, 22). One form, however, 
which constantly recurs—the tetrakaide- 
kahedron—may be considered the funda- 
mental unit from which all other types in 
the rind, and also in the leaf, of citrus are 
derived (35). The same holds true in 
leaves as different as squash, castor bean, 
avocado, and sycamore, to mention but 
a few examined by the authors. Tetra- 
kaidekahedral cells are connected by 
plasmodesmata, and during expansion to 
spherical form and throughout later de- 
velopment these intercellular connections 
are maintained at the surfaces of con- 
tact. Plasmodesmata may, therefore, be 
regarded as relatively fixed points which 
control future cell development. A spher- 
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ical cell, comparatively free to expand in 
all directions, differentiates, as the inter- 
cellular spaces increase in size, into an 
eight-lobed or an eight-armed element. 
When cell division occurs, the number of 
cell contacts is temporarily altered to 
less or more than eight, but during early 
meristematic growth the original number 
is sooner or later restored. When growth 
of the organ as a whole slows down, how- 
ever, this restoration of contact and 
plasmodesmatal number does not take 
place. The result is that mesophyll con- 
sists, in the main, of two cell types, 
eight-lobed or -armed, and _ six-lobed. 
Variations in cell form depend on the 
time of cell division in relation to the 
growth of the organ as a whole and can 
be interpreted in terms of division and 
degree of subsequent expansion of a 
typical tetrakaidekahedral cell. Specific 
differences in geometrical form of poly- 
hedral meristem cells produced by the 
stresses of early growth are transitory 
and appear to be of minor importance, in 
comparison with the position of plas- 
modesmatal connections, in the control 
of the area and orientation of the curving 
surfaces of the mature living cells. 
WALL ORIENTATION.—In two recent 
papers on the cytology of wall formation 
the possible causal factors in wall orien- 
tation were discussed (37, 38). In citrus 
the position of new cell walls follows the 
general pattern outlined in the above 
papers, but it appears that physiological, 
rather than physical, factors are pri- 
marily responsible for wall orientation. 
In the material examined, as already de- 
scribed, the new cell walls are invariably 
anchored to the wall of the mother cell 
in plasmodesmatal areas. Deposition of 
cell walls thus is comparable with the 
deposition of crystal sheaths seen in 
Beloperone and in Ficus (34). The cell 
wall originates within a cytoplasmic 
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plate, the phragmosome—the sheath 
within a cytoplasmic strand. The sheath 
of the calcium oxalate crystals of the 
citrus idioblasts is also controlled by the 
position of plasmodesmata. The factors 
which activate cellulose deposition with- 
in cytoplasmic plates and strands remain 
to be determined. 

Asscission.—The leaf of citrus re- 
sembles compound leaves, in that the 
lamina, which may be considered a ter- 
minal leaflet, usually falls before the 
petiole. Both laminar and nodal abscis- 
sion zones are, as usual, structurally 
weak in lack of lignification of pericyclic 
fibers, reduction of vascular cylinder, 
comparative increase in vascular paren- 
chyma, and decrease or absence of xylem 
fibers. In addition, characteristic short- 
ening is evident in primary and secondary 
vessel segments, their length a fraction, 
one-third or less, of the length of similar 
elements in lamina, petiole, and stem. 

The anatomy of tissue break resembles 
that described by Lowi (16, 17, 18) in 
Cinnamomum and other forms. LEE (12) 
and PFEIFFER (26, 27) considered this 
type of abscission to be relatively rare. 
Cercis and Aristolochia, however, are 
presumably similar, since tissue break in 
the former is attributed to differential 
growth of cell walls and, in the latter, 
cell elongation is mentioned in the distal 
cells of the separation layer. 

The question of mechanism of abscis- 
sion recurs constantly in all papers on 
leaf fall, whether physiological or ana- 
tomical. T1son (41) worked to a great ex- 
tent with fresh material and therefore 
stressed “‘reciprocal pressures” resulting 
from cell growth as a potent factor in 
forcing apart leaf base and petiole or 
rachis and leaflet base in the case of com- 
pound leaves. The papillate cells of cit- 
Tus serve to support this view. In con- 
trast to this, much of the material ex- 
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amined by LEE (12) was collected at the 
time of leaf fall but was preserved and 
examined later. This may be the reason 
that, although cell elongation was re- 
peatedly described, the idea of reciprocal 
pressures was not stressed. It seems evi- 
dent that, whenever cell growth occurs 
within an abscission zone, cell expansion 
is one mechanical factor in the final tissue 
break. 

In this connection it is interesting to 
recall the suggestions of MusTEL (24) 
and TREVIRANUS (42), those of the for- 
mer listed by Tison (41) among the 
“ideés plus ou moins malheureuses’”’ of 
earlier workers as a “‘théorie étonnante.”’ 
MUSTEL attributed leaf fall to the fact 
that, since transpiration ceased with leaf 
age, there was no room in the leaf blade 
for the ascending sap. The latter there- 
fore pressed against the leaf base and 
forced its fall. TREVIRANUS noted the 
heterogeneity of tissues in the abscission 
zone and suggested that this condition 
prevented sap circulation, interrupted 
the vital connection between petiole and 
node, and resulted in tissue rupture. In 
view of the suberization of leaf tissues 
described in this paper in citrus and other 
leaves—most intensive at the leaf base 
but general throughout the mesophyll 
it may be questioned whether the earlier 
theories are as completely farfetched as 
they appeared to Tison. Physiological 
experiment with aging leaves is necessary 
to clarify the effect of progressive suberi- 
zation on such fundamental functions as 
cell permeability, transpiration, and 
transport of water and food and on the 
process of leaf fall. 

In discussing the causal factors in cork 
formation, PRIESTLY pointed out the in- 
terconnection between food supply, the 
presence of air, a blocking surface formed 
by deposition of suberin, and the origin 
of a phellogen (31). The pattern in citrus 





405 BOTANICAL GAZETTE 


is significant. Suberin is deposited adja- 
cent to parenchymatous tissues with 
abundant intercellular spaces, and food 
is present in the form of starch. The phel- 
logen appears after the suberization of 
the surface of the leaf scar. The physico- 
chemical reasons for intensive suberin 
formation remain to be determined. 
INTERNAL —SUBERIZATION.—Suberin 
occurs consistently in the abscission 
zones of higher plants, but its deposition 
was entirely unexpected in the general 
tissues of lamina and petiole. Suberin ap- 
pears not only in citrus but in leaves as 
diverse as squash, avocado, castor bean, 
broad bean, and sycamore. It is identified 
in the young, soft-growing leaf as a film 
at the limit of visibility, while in the old, 
hard, mature leaf it is a clearly defined 
pellicle. In the old, hard, yellowing 
leaves of sycamore, suberization is suff- 
ciently strong to prevent the tissue dis- 
integration which follows irrigation with 
H,SO,. During the progress of the 
IKI-H,SO, test the light-blue color char- 
acteristic of dissolving cellulose is masked 
and replaced by deep purple in the prac- 
tically unswollen cell walls. At the end 
of this drastic treatment the suberized 
mesophyll of the leaf still persists intact. 
In discussing the penetration of spray 
oil into citrus leaves, ROHRBAUGH (33) 
pointed out the difficulty of postulating 
capillarity as the primary force con- 
cerned. “...capillarity depends upon 
the cohesion of the liquid to the surface 
of the capillaries. If the surface of the 
cell wall is covered with a lipoid film or 
some other surface to which the oil could 
cohere, then capillarity might well be the 
explanation of the movement of the oil 
into the tissue.’’ A suberized internal sur- 
face may satisfy this condition. Spray oil 
may pass through the epidermis via 
stomata and also wax canals and may 
thereafter spread more or less freely over 
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the suberized internal surfaces. It is sig- 
nificant that oil accumulation is most 
marked in regions of heavy suberization 
—the cells surrounding the midrib and 
also along the leaf margin. 


Summary 


1. The development of the leaf in the 
Valencia orange is considered in four 
stages: (a) resting bud and meristematic 
primordia; (6) expanding leaves; (c) ma- 
turing leaves; and (d) leaf fall. Stages 
a~c parallel similar phases in stem differ- 
entiation. The differentiation of vascular 
and other tissues is described. 

2. Cell shape is considered in detail in 
spongy and in palisade parenchyma. 
Two principal cell types are common to 
both, the eight-armed or eight-lobed cell 
and the six-armed or six-lobed. 

3. In the spongy mesophyll, eight- 
armed cells occur at vein level, in mid- 
areole, the region of largest intercellular 
spaces in which cell division first ceases. 
The eight-armed cell may be derived 
from a tetrakaidekahedral meristematic 
cell in plasmodesmatal connection with 
eight others. 

4. In the lower mesophyll and along 
the margins of the areoles, cell division 
continues later than in mid-mesophyll 
and here six-armed cells differentiate. 
The six-armed cell may be derived from 
a tetrakaidekahedral element which has 
undergone comparatively late cell divi- 
sion. 

5. In the palisade parenchyma the 
counterparts of the eight- and six-armed 
cells are eight- and six-contact cells, in 
which the lobes through which the plas- 
modesmata pass are reduced to a mini- 
mum. 

6. The above cell types occur in all 
dicotyledonous leaves so far examined by 
the authors. 
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7. Plasmodesmata may be regarded as 
relatively fixed points on the cell surface 
and therefore are of importance in con- 
trolling cell shape and wall area. Cellshape 
depends also on the time of cell division 
in relation to the growth of the organ as 
a whole. 

8. Plasmodesmata are directly con- 
cerned in the orientation of new cell 
walls. In all cells examined, new walls are 
anchored to the wall of the mother cell 
in plasmodesmata] areas. 

g. The position of the sheath of calci- 
um oxalate crystals is, as in the idioblasts 
of Beloperone and Ficus, controlled by 
plasmodesmatal connections. Cytoplas- 
mic strands in crystal sheath formation 
resemble, in their function of wall depo- 
sition, cytoplasmic plates—the phrag- 
mosomes of normal cell division. 

10. Leaf abscission occurs between 
lamina and petiole and also at the leaf 
base. The mechanism is the same in both. 
Papillate cells produced by distal elonga- 
tion of cells of the abscission zones ex- 
pand outward against heavily suberized 
tissue at the bases of lamina and of peti- 
ole. Tissue break occurs at the junction 
of the thin-walled papillate cells and the 
opposing suberized elements. 

11. Suberin deposition occurs not only 
in abscission regions but throughout the 
mesophyll of the leaf. In half-grown 
leaves it appears in the intercellular 
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ORIGIN AND DEVELOPMENTAL MORPHOLOGY OF 
ROOT NODULES OF PISUM SATIVUM 


LORA BOND’ 


Introduction 


The morphology of the root nodules of 
leguminous plants is of interest for sev- 
eral reasons. The leguminous nodule is a 
structure unlike any produced by other 
plants. Although formed only after bac- 
terial infection, the nodule is not an ir- 
regular mass of tissue, such as composes 
certain bacterial galls, but has differenti- 
ated tissues in a definite arrangement. 
The structure of nodules is also related to 
certain physiological problems. The nod- 
ule is one product of the interaction be- 
tween invading rhizobia and root cells. 
Experiments using “‘tagged’”’ nitrogen 
have demonstrated clearly that neither 
rhizobia nor leguminous plants alone can 
fix atmospheric nitrogen but that nitro- 
gen fixation results from an appropriate 
combination of the two (6). The mecha- 
nism of this fixation remains unknown 
but is evidently an interaction between 
host and bacterial cells. The reaction is 
localized in those cells of the nodule that 
are actually infected with bacteria. 

The present investigation was under- 
taken to attempt to supplement our 
knowledge of the developmental mor- 
phology of root nodules on leguminous 


‘Investigation carried on at the University of 
Wisconsin, where the author was a Wisconsin 
Alumni Research Foundation Research Assistant 
in the Department of Botany. 


plants, with special reference to the tis- 
sues proliferating and the differentiation 
of the nodule. Pea (Pisum sativum L.) 
was selected for study because, although 
it has been used in many laboratory and 
field experiments on nitrogen fixation, 
reports of the development and structure 
of its nodules are incomplete. 


Review of literature 


The anatomy of the nodules of many 
leguminous plants has been studied by 
numerous investigators, and the result- 
ing literature has been surveyed by sev- 
eral writers (12, 16, 27, 28). The earliest 
record of gross observations of nodules is 
found in drawings made by Fucus and 
DALECHAMPS in the sixteenth century 
(12). In 1679 MALPIGHI explained the 
swellings on roots of Vicia faba as insect 
galls, although he could find no insect 
larvae in them (12). Nineteenth-century 
investigators noted the general regions 
visibly differentiated within root nodules 
but proposed various erroneous explana- 
tions of the nature and cause of the 
tubercles until near the end of the cen- 
tury (16). A series of experiments then 
proved the true etiology. FRANK found 
no nodules on plants grown in sterilized 
soil; WARD proved that infection of the 
roots resulted in nodules; BEIyERINCK 
isolated in pure culture the infecting bac- 
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teria; and in 1890 PRAzMOwSKI published 
an account of nodule development in pea 
that established the facts that nodules 
result from the infection of the roots with 
rhizobia and that the ‘‘infection threads’ 
visible in root hairs and cortical cells are 
zoogloeal strands imbedding the bacteria 
(12, 16). Among the investigators of this 
period, BEIJERINCK and several others 
considered the nodules as pericyclic in 
origin, but a larger number, including 
PRAZMOWSKI, thought that nodule tis- 
sues were derived from cells of the root 
cortex (16). 

Investigations since 1g00 have re- 
vealed considerable variation among dif- 
ferent genera in both shape and internal 
structure of nodules. Certain of the dif- 
ferences in structure have been used as 
bases for classifying nodules into types 
(11, 18, 20), but these groupings do not 
agree, nor do they correlate well, with 
either taxonomic or cross-inoculation 
groupings of leguminous plants. Thus, 
the differences in nodule structure con- 
sidered by these authors do not serve as a 
wholly satisfactory basis for nodule 
classification. 

In spite of some differences in the 
structure of mature tubercles, the course 
of nodule development in most _her- 
baceous plants studied is fundamentally 
the same. The similarities and the few 
major differences in the pattern of nodule 
development are demonstrated in papers 
that have appeared since 1g00, concern- 
ing the nodule development of many cul- 
tivated herbaceous legumes. These in- 
clude studies of nodules of the following 
plants: alfalfa, Medicago sativa L. (2, 21, 
23); bean, Phaseolus vulgaris L. (8, 16), 
and runner bean, P. multiflorus Willd. 
(11); broad bean, Vicia faba L. (4, 11); 
bur clover, Medicago denticulata Willd. 
(19); clover, Trifolium spp. (7, 11, 15; 
29, 30); cowpea, Vigna sinensis Endl. (2); 
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lupine, Lupinus albus L. (8, 18), L. 
mutabilis Sweet and L. perennis L. (18), 
and a hybrid (11); pea (7, 8, 11, 15, 29, 
30, 31); peanut, Arachis hypogaea L. (1, 
2, 14); soybean, Glycine max Merr. (2, 7, 
11); sweet clover, Melilotus alba Desr. 
(2, 29); sweet pea, Lathyrus odoratus L. 
(29); and vetch, Vicia sativa L. (8) and 
V. villosa Roth. (2, 15). Only a few of 
these papers give detailed accounts of 
nodule anatomy—those of THORNTON 
(21) on alfalfa, McCoy (16) on bean, 
PEIRCE (19) on bur clover, ALLEN and 
ALLEN (1) on peanut, BIEBERDORF (2) 
on soybean, and WirrF and Cooper (31) 
on early stages in pea. 

In most herbaceous legumes rhizobia 
invade the young root through root 
hairs, and the first evidence of infection 
is a curvature at the tip of the root hair 
(2, 4, 16, 19, 21, 31). This curling is 
brought about by some substance se- 
creted by the bacteria, as is evidenced 
by the fact that cell-free extracts of bac- 
terial cultures will induce curling (17, 
22). The bacteria congregate and/or mul- 
tiply at the surface of the hair, usually 
near the bent tip (19, 22). In some man- 
ner, they penetrate the cell wall and be- 
gin to multiply inside the root hair. There 
is no visible rupture of the wall at the 
point of entry (19), and the rhizobia have 
not been shown to be capable of dissolv- 
ing the wall materials, cellulose, calcium 
pectate, and hemicellulose (17). The 
characteristic curvature of infected root 
hairs must have been brought about by 
unequal growth; this continued growth 
of the cell after initial infection is evi- 
dence that the root-hair cell is relatively 
intact (19). Inside the root hair, the bac- 
teria multiply and secrete a characteris- 
tic gum. The bacteria and surrounding 
gum form the zoégloeal infection strand, 
which may branch as it passes through 
the host cell (16, 21). The host cells, first 
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in the epidermis and then in the cortex, 
gradually wall off this strand, producing 
a cellulose sheath whose presence, ac- 
cording to McCoy (17), probably gave 
rise to early reports that the infection 
strand was a fungal hypha (9). Proper 
staining reveals the bacteria imbedded in 
the zodgloeal strand (4, 8, 16). The fact 
that the cellulose wall is discontinuous at 
intercellular spaces shows that it is laid 
down by the host cells rather than by the 
infection strand (17). 

The infection strand grows inward 
from the tip of the root hair to the inner 
wall of the epidermal cell, a process re- 
quiring about 2 days in soybean (2), and 
then penetrates the cortical cells. The 
depth of penetration of the cortex varies 
somewhat with the plant being invaded. 
In bur clover the strand grows nearly 
straight toward the central cylinder of 
the root and penetrates as far as the 
layer of cortical cells next to the endo- 
dermis (19). In alfalfa, also, the infection 
strands penetrate the cortex to its inner 
layers but do not enter the endodermis 
(21). In bean, in which the nodules are 
not efficient in nitrogen fixation, the in- 
fection threads penetrate only the outer 
layers of the cortex (16). In soybean, the 
infection strand penetrates from three to 
five layers of the cortical parenchyma 
cells (2), and in pea it reaches the inner 
layers of the cortex (31). 

The development of the nodule begins 
with division of host cells in the immedi- 
ate vicinity of the end of the infection 
thread. In alfalfa, nuclei of cells adjacent 
to the infection strand swell, and active 
nuclear and cell divisions begin (21). 
These divisions extend to a distance of 
two or three cells from those in the cortex 
already reached by the infection thread, 
and some divisions occur in the endo- 
dermis and pericycle. PEIRCE (19) found 
early stages in the development of the 
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nodule ‘‘just like a young lateral root’; 
but WipF and Cooper (31) showed that, 
in pea, proliferation begins definitely in 
the cortex. Wier and Cooper found that 
many of the cortical cells stimulated to 
active division by the invading rhizobia 
are disomatic; they noted earlier (30) 
that the 4m chromosome number is char- 
acteristic of nodule tissue. In alfalfa (21) 
branches of the infection strand pene- 
trate the proliferating cortical cells, and 
division of the cells soon ceases except in 
a region toward the root surface that re- 
mains meristematic; the bacteria are re- 
leased from the strand into the host-cell 
cytoplasm by the formation of blister- 
like swellings on the infection strand. 
The rhizobia multiply in the host-cell 
cytoplasm, and, after the cell is fairly 
well filled with bacteria, division of the 
host cell ceases. In soybean (2) the bac- 
teria are released similarly and also by 
breaks in the infection strands that occur 
with division of the host cells; in bean 
(16) the bacteria are spread chiefly by 
division of the infected cortical cells. 
Cytological changes in the infected host 
cells are most conspicuous in the nucleus, 
which becomes large and has prominent 
chromatic bodies, and in the cytoplasmic 
inclusions and mitochondria (1, 16). 
Mature legume nodules have an in- 
fected or bacteroid region with a meri- 
stematic zone either apical to or sur- 
rounding the bacteroid tissue. Outside 
the infected cells is a zone of noninfected 
cells—the nodule cortex—through which 
run vascular strands that connect with 
the stele of the root. The nodule is still 
surrounded by part of the root cortex in 
which some divisions and considerable 
stretching must have occurred, but the 
root epidermis is usually broken (12). An 
endodermal layer has been noted be- 
tween the root cortex and the nodule (4, 
8, 11). Old nodules show disintegration 
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beginning in the older part of the bac- 
teroid region, and some old nodules 
slough off before the end of the season 
(2,76). 

There are some exceptions to the his- 
tory of nodule development as given 
above. There is evidence that rhizobia 
may enter roots through broken cortical 
cells or ordinary epidermal cells (2, 16), 
and experimentally they may be intro- 
duced by pricking or stroking the root 
with a needle previously dipped in the 
bacterial culture (8, 19). The peanut is 
an exception in that invasion seems to 
occur always through cortical cells rup- 
tured by the emergence of a lateral root. 
The peanut also differs from other legu- 
minous plants studied in that its nodule 
is definitely pericyclic, rather than cor- 
tical, in origin and that it breaks through 
the cortex of the root (1). 


Material and methods 


Three varieties of the cultivated pea 
were used: Canada field pea, Alaska field 
pea, and Perfection garden pea. The 
plants were grown in the greenhouse, 
three or four to an ordinary tumbler, in 
gravel that had been washed thoroughly 
and screened to yield only pebbles 2-8 
mm. in diameter. Mineral nutrients were 
supplied by a Crone’s salts solution (5), 
minus nitrogen except for the uninocu- 
lated control plants which were supplied 
with potassium nitrate. This method of 
culture gave root aeration as good as or 
better than that in sand or soil and 
eliminated the difficulty encountered in 
sectioning when smal] particles adhere to 
the roots. 

To insure infection and effective nodu- 
lation, the seeds were sterilized, soaked 
overnight in sterile distilled water, and 
inoculated. The method for sterilizing 
was as follows: peas were placed in a 
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sterile suction flask and a 1: 1000 solution 
of mercuric chloride was added; this solu- 
tion was kept under vacuum for 5 min- 
utes, and then the seeds were rinsed twice 
in sterile distilled water under vacuum; 
next, a solution of “B.K.”’ powder (cal- 
cium hypochlorite) to give 3% avail- 
able chlorine was added and the mixture 
kept under vacuum for 10 minutes; final- 
ly, the seeds were rinsed in eight changes 
of sterile, distilled water. The sterilized 
and soaked seeds were inoculated by dip- 
ping them into a sterile-water suspension 
of a culture of Rhizobium leguminosarum 
Frank, U.W. strain # 302 or # 329, 
effective on peas. The inoculated seeds 
were planted in the tumblers of gravel, 
which had been sterilized by autoclaving 
at 15 pounds pressure for 4 hours or long- 
er. Sterilized Crone’s salts solution was 
supplied once a week, and sterile distilled 
water was added whenever the solution 
level dropped too low. 

When plants were harvested, the 
whole root systems were washed out of 
the gravel. Some were examined fresh; 
others were cut into pieces for fixation, in 
most cases under reduced pressure, in 
Karpechenko’s or Belling’s modification 
of Navashin’s solution or in Flemming’s 
medium solution. They were dehydrated, 
then cleared and infiltrated by the chlo- 
roform or the cedar-oil method, and im- 
bedded in paraffin. Material sectioned at 
a thickness of 5-10 was stained in 
Heidenhain’s iron-alum haematoxylin, 
Flemming’s triple stain, or safranin- 
Delafield’s haematoxylin. One lot of ma- 
terial was cleared in eau de Javelle as fora 
whole mount, stained in basic fuchsin, 
imbedded, and sectioned. 

Plants were grown at several seasons: 
spring, early fall, and late fall, 1942; late 
winter, and summer, 1943; and summer, 
1944. Fixations were made of plants 
ranging in age from 1 to 8 weeks, in order 
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to include a series of stages in nodule 
development. 


Observations and discussion 


The three varieties may be distin- 
guished by their general habit of growth. 
The variety Canada produces tall slender 
plants with small leaflets and long inter- 
nodes; Alaska is larger and has some- 
what stouter stems and larger leaflets, 
but the internodes are about as long as 
those of Canada peas; Perfection has 
short internodes, stout stems, and large 
leaflets. The anatomy of roots and nod- 
ules is very similar in the three varieties, 
and, unless differences are noted, state- 
ments made apply to all three varieties. 
No distinction is made between plants 
inoculated with the two different strains 
of R. leguminosarum, since they showed 
no visible differences in nodule develop- 
ment or structure. 

Nodules on the roots of the varieties 
studied develop to macroscopic size with- 
in 2 weeks after the seeds begin to ger- 
minate. Their rate of development varies 
with external conditions, but visible nod- 
ules usually are found on plants that 
have one or two fully expanded pinnate 
leaves. Light is the environmental factor 
of greatest influence on nodule develop- 
ment, although temperature has some 
effect. Unless artificial illumination is 
used, nodules may be entirely absent 
from plants grown in the greenhouse dur- 
ing winter months. The importance of 
light in determining the carbohydrate- 
nitrogen relation of the plant and, there- 
fore, nodule initiation and development 
has been discussed in detail by WiLson 

(28). Nodules first appear on the upper 
portion of the primary root, always be- 
low the hypocotyl, becoming visible 
about the time that secondary roots are 
protruding beyond the cortex of the pri- 
mary root. For a week or two, as the 
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plant grows, additional nodules develop 
on the lower part of the primary root and 
on the upper portion of many of the sec- 
ondary roots. A plant several weeks old 
has a well-developed root system with 
conspicuous tubercles (fig. 1). The pe- 
ripheral portions of the root system do 
not bear nodules following inoculation 
with an effective strain, such as strains 
# 302 and # 339 used in these experi- 





Fic. 1.—Root system of Canada pea showing 
effective nodulation. X}. 


ments. The changed carbohydrate-nitro- 
gen relation in such plants probably ac- 
counts for this distribution of nodules 
(12). 

Since one aim of this investigation was 
to determine which tissues proliferate to 
form the nodule, observations were made 
of normal root structure and of the origin 
of lateral roots, to give a basis for com- 
parison with developing tubercles. VAN 
TieEGHEM and Dovutiotr (24, 25) de- 
scribed both the structure of the root and 
the origin of its branches, and HAYWARD 
(13) pictured and described the mature 
primary root. The present observations 
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agree, in general, with these authors but 
include additional information, especial- 
ly with regard to maturation. 

The root is composed of the following 
tissues: an epidermis that is not lost even 
in quite old roots; a cortical parenchyma 
consisting of six to ten cell layers in the 
larger roots and four to five cell layers in 
smaller branch roots; an endodermis 
with distinct Casparian bands that are 
occasionally less prominent over the pro- 
toxylem points; a pericycle composed of 
large parenchymatous cells, a single 
layer opposite the phloem, and two or 
three layers opposite the xylem; phloem, 
consisting of sieve tubes and companion 
cells, fibers, and parenchyma; xylem that 
is triarch in most of the primary and 
larger secondary roots, that is not infre- 
quently tetrarch in these roots, and that 
is diarch in the smaller branch roots; and 
a noncontinuous cambium that lays 
down a limited amount of secondary tis- 
sue, mostly xylem, between the primary 
xylem and phloem. 

In the course of root development and, 
to some extent, in different parts of the 
same root, there is a correlation between 
the stage of development of a nodule and 
the degree of maturation of the part of 
the root on which it is located. The rate 
of growth and the condition of the in- 
fected root seem to be more important 
than actual time intervals in determining 
the stage of development of the nodule. 
Only young nodules are found in the re- 
gion of maturation, but the mature re- 
gion has fully developed nodules. Nod- 
ules on the old region of the root—with 
some secondary tissues in the stele— 
show disintegration in their bacteroid 
portions. The tissues in each of these 
regions of a primary or large secondary 
root, such as would bear nodules, will be 
described in some detail because of their 
relation to the developing tubercles. 
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In the maturation region, in which 
root hairs are well developed, the pro- 
toxylem and part of the metaxylem be- 
come differentiated, and Casparian strips 
are laid down in the endodermis (figs. 2, 
3, 7). The xylem element abutting the 
pericycle appears in longitudinal sections 
to be a small annular vessel. The next ele- 
ment is usually much larger and is a 
spiral to scalariform vessel. The first 
metaxylem vessels have scalariform 
thickenings. The remainder of the xylem 
is composed of undifferentiated paren- 
chymatous cells at this level of the root. 
The first phloem is visible on a radius be- 
tween the xylem points and lies next to 
the single layer of pericyclic cells. 
Whether this earliest phloem is paren- 
chymatous or is made up of sieve tubes 
is difficult to determine. In roots of 
Canada peas, the phloem fibers are be- 
ginning to differentiate at this level, and 
the earlier phloem cells are already some- 
what crushed between the pericycle and 
the developing These partly 
crushed cells appear to be parenchyma- 
tous. It is possible, however, that these 
cells might be sieve tubes. The recogni- 
tion of sieve tubes in transverse sections 
of Canada pea roots js possible in the 
later-formed phloem centripetal to the 
group of fibers. Here, the shape of the 
cells and associated companion cells and 
the thickenings of the longitudinal walls 
(the nacré walls) are distinctive. Lack of 
companion cells and loss of the nacré wall 
thickenings—both of which may occur in 
protophloem (10)—would account for a 
parenchymatous appearance of early 
sieve tubes. Probably because of the 


fibers. 


small size of phloem elements in Canada | 


pea, sieve plates are not readily distin- 
guishable in transverse section, although 
visible in longitudinal section (fig. 4). In 
longitudinal section the sieve tubes show 
conspicuous dumbbell-shaped _ slime 
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bodies that stain bright red with safra- 
nin. In Perfection peas the cells are 
larger, and the sieve plates, especially in 
the metaphloem, are more readily visible. 
The sieve plates are only slightly, if at 
all, oblique and are easily recognizable if 
stained with safranin and examined un- 
der high magnification (figs. 5, 6). Like 
those of the metaphloem in the variety 
Canada, the sieve tubes are also recog- 
nizable by their associated companion 
cells and thickened longitudinal walls. 
Figure 5 shows two sieve tubes associated 
with a few small parenchyma cells, the 
group evidently constituting the proto- 
phloem. In some cases a single sieve tube, 
separated from the pericycle by a small 
parenchyma cell, occupies a position 
midway between the two xylem arms. 
The sieve tubes of the protophloem are 
smaller than those of the metaphloem in 
the same plant but are similar in having 
companion cells and visible sieve plates. 
In the variety Perfection the phloem 
fibers differentiate a little later than in 
the variety Canada. Figures 5 and 6 show 
several sieve tubes, chiefly metaphloem. 
Most of the group of thin-walled cells 
between them will mature as fibers. Cells 
in the protophloem and some of the cells 
formed centripetal to the fibers are 
crushed as the fibers mature. 

In the mature region the metaxylem is 
differentiated to form a protostele. Fre- 
quently there is a single large vessel in 
the center of the root (figs. 12, 13, 14). 
The later metaxylem elements are scalar- 
iform and pitted vessels. The phloem 
fibers form conspicuous patches alternat- 
ing with the xylem arms and adjacent to 
or nearly adjacent to the pericycle. 

The cambial layer differentiates in arcs 
from parenchymatous cells between 
phloem and xylem. Its limited activity 
results in the addition of xylem vessels 
and some 


scalariform tracheids cen- 


BOND—MORPHOLOGY OF ROOT NODULES 


417 


tripetally and a small amount of phloem 
centrifugally. The diameter of the stele is 
increased only slightly, and the cambial 
layer remains discontinuous (fig. 16). 
Secondary roots arise in the pericycle. 
The first indication of the origin of a sec- 
ondary root in pea is the tangential divi- 
sion of pericyclic cells opposite one of the 
protoxylem points (13). Botrum (3) 
traced the origin of the secondary root in 
Melilotus to the division of a single peri- 





Fics. 2, 3.—Cross sections of pea roots. X 100. 
Fig. 2 (above), through region of maturation of 
secondary root; variety Perfection; a, endodermis. 
Fig. 3 (below), at level of emerging lateral root; 
variety Canada; a, root endodermis. 
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cyclic cell lying between protoxylem and 
the endodermis. In pea, which has more 
than one layer of pericyclic cells opposite 
a xylem arm, the divisions apparently oc- 
cur first in the outermost pericyclic cells 
but soon involve the two or three layers 
of the pericycle. As the secondary root 
grows outward, the endodermis remains 
for a time as a layer surrounding it. The 
endodermal cells opposite the center of 
the root tip divide radially as the pri- 
mordium develops, but no roots observed 
showed tangential division to give sev- 
eral layers of endodermis outside the new 
root cap, such as was described by VAN 
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FIGS. 4, 5.—Fig. 4, sieve tubes and companion cells from mature root of Canada pea, longitudinal sec- 
tion; a, sieve tube; b, companion cell; c, slime body. Fig. 5, part of stele of root pictured in fig. 2; sieve plates 





TIEGHEM and Dou ior (24). Only a few 
of the newly formed endodermal cells 
show Casparian thickenings. The endo- 
dermal cells along the sides of the sec- 
ondary root do not divide so much as do 
those opposite the center of the root tip 
but stretch and finally rupture as the 
root elongates (fig. 3). The tissues of the 
secondary root follow this general de- 
scription of the primary root. The tip has 
a meristem of the open type described by 
HAYWARD (13) for the primary root. 
Fairly early in the development of the 
branch root, the plerome, which will de- 
velop into the stelar region, can be dis- 


in face view at a, sieve tubes at 6, and companion cells at c; d, immature fibers. X 1100. 
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Fics. 6, rf 


cells at b and c, not forming vertical row, but at different levels. 





Fig. 6, part of stele of root pictured in figs. 2 and 5; sieve plate in face view at a; companion 


X 1300. Fig. 7, cross section of root of Canada 


pea at level of very young developing nodule; rhizobial infection strand at a. X 250. 
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tinguished from the surrounding peri- 
blem (fig. 3). Earliest differentiation of 
vascular tissues in this region of the 
branch root proceeds outward from the 
phloem and xylem of the primary root, 
with which the basal plerome cells are in 
contact from the start. The secondary 
root develops an endodermis that is 
joined to the primary root endodermis 
across the base of the cortical region of 
the branch root. 

Cross sections of pea roots, at the level 
of developing nodules, showed in every 
case that bacterial invasion occurred 
through a root hair (figs. 7, 9). These ob- 
servations agree with those of WipF and 
Cooper (31). They found that some infec- 
tion strands continued growth through 
almost the entire cortex without appar- 
ent effect on the cortical cells. In most 
cases, however, they noted division fig- 
ures, many of which showed the di- 
somatic chromosome number, in cortical 
cells near the tip of the infection strand. 
In the present investigation, every infec- 
tion strand found had produced some ef- 
fect on the cortical cells, although in one 
case divisions of the cortical cells had 
been very few and had ceased before a 
typical nodule was formed. 

Early stages in the proliferation of 
root tissues in the formation of nodules 
were observed in the varieties Canada 
and Perfection slightly less than 2 weeks 
after the inoculated seeds were planted— 
about 10 days after germination. In both 
varieties the infection strands penetrate 
about half the distance from the epi- 
dermis to the cortex. In either primary 
or secondary roots this may include 
three to five layers of cortical cells, de- 
pending upon the size of the root. Those 
cortical cells which lie in an arc around 
the end of the zodgloeal thread, between 
the tip of the strand and the endodermis, 


soon are stimulated to divide. These 


[JUNE 


early divisions are not followed immedi- 
ately by cell enlargement, so that the 
young nodule appears for a time as a 
mass of small, densely protoplasmic cells 
surrounding the tip of the rhizobial 
zoogloea (fig. 7). At levels at which vas- 
cular strands will develop, tangential di- 
visions of the pericyclic cells adjacent to 
the region of cortical proliferation soon 
occur, and, in a few cases, the endo- 
dermal cells between had definitely di- 
vided tangentially. In one case both 
daughter cells had Casparian bands. 
This is not usually true, and, where divi- 
sions have occurred in the endodermis, 
that tissue is difficult to follow in a young 
nodule. At other levels the root endo- 
dermis does not lose its identity. The 
cells that divide first in response to the 
presence of the rhizobia are outside the 
endodermis and, therefore, definitely 
cortical. This agrees with observations 
made by WipF and Cooper (31). There- 
fore, the nodule does not originate in the 
same tissue as the secondary root, as was 
considered to be the case by DANGEARD 
(8) and by others. 

The nodule enlarges at first through 
continued tangential divisions of cortical 
cells about a center approximately at the 
tip of the infection strand. Further en- 
largement of the tubercle is brought 
about by an increase in cell size as well 
as by cell division. The characteristic re- 
gions of the nodule become delimited as 
it increases in size. Mitoses gradually 
cease in most cells in the portion of the 
young nodule near the stele but continue 
toward the periphery of the root, so that 
a meristematic region becomes delimited 
apically in the nodule (figs. 12, 14). 
Those cells in which division ceases in the 
basal portion of the nodule enlarge and 
mature as parenchymatous cells. The 
cells which will give rise to the vascular 
strands remain meristematic. The latter 
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cells divide radially, forming the pro- 
vascular strands (figs. 12, 13). 

The bacteroid region next becomes 
visibly distinct. As cells of the young 
tubercle enlarge, branches of the infec- 
tion thread penetrate many of them. 
Bacteria are released within some cells 
that contain infection strands, evidently 
by a partial dissolving of the gum im- 
bedding the rhizobia. This occurs in a 
portion of the strand not inclosed by a 
cellulose wall, as was observed also by 
THORNTON (21). The bacteria multiply 
in the cytoplasm of the host cells, the 
cells gradually assuming the appearance 
typical of the infected cells of the bac- 
teroid region (fig. 20). The nucleus of 
each infected cell becomes much en- 
larged and contains a number of large, 
dark-staining bodies that, from a study 
of intermediate stages in their formation, 
appear to be aggregations of nuclear 
chromatin. A cell from the bacteroid re- 
gion of the nodule has a large central 
vacuole, and the cytoplasm is filled with 
bacteria of various shapes—rods, clubs, 
and X- or Y-shaped branched forms. 
Occasionally, a few starch grains are 
found in the peripheral layer of the cyto- 
plasm of infected cells. Branches of the 
thizobial zodgloea continue to intrude 
into many of the new cells laid down by 
the nodule meristem, but in no case were 
infection strands found in the outermost 
layers of the meristematic region. Figures 
18, 19, and 20 show groups of cells se- 
lected at intervals of about ten cell layers 
irom the nodule meristem. The cells of 
the first group are from the meristem 
proper, those of the second have infection 
strands in them, and the cells in the 
third group are from the edge of the bac- 
teroid region. Older cells than those pic- 
tured in figure 20 have bacteria much 
more closely packed in the cytoplasm, 
and the rhizobia in such cells stain less 
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distinctly. Probably because of the cellu- 
lose walls formed around them, the 
zoogloeal threads maintain their iden- 
tity, and their branches are recognizable 
throughout the bacteroid area, especially 
in nodules on Canada peas. Most cells 








Fics. 8, 9.—Transverse sections of roots of Cana 


da pea at level of young developing nodules, before 
differentiation of vascular tissues in nodules; a, in 
fection threads in cells of outer cortical parenchyma; 
b, infection strand in root hair 


X 100. 

containing bacteria obviously have be- 
come infected by means of these strands, 
but the branches are not sufficiently nu- 
merous to account for all the infected 
cells. In a few cases, division figures were 
observed in cells already containing in 
the cytoplasm a few rhizobia that would 
become distributed at cytokinesis to the 
two daughter cells. In no case was a typi- 
cal bacteroid cell—one with numerous 


bacteria already present—observed in a 
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FIGS. 10, 11.—Transverse sections of pea roots. X 450. F 
t level of differentiation of one nodular bundle; a, b,c, ra 
rst radial divisions to form base of provascular strand. Fig. 
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division stage. Some cells lying among 
those that are infected contain no bac- 
teria. These cells have smaller nuclei than 
adjacent infected cells, and their cyto- 
plasm frequently contains starch grains 
(fig. 20). 

By the time that the nodule meristem 
and the bacteroid region are clearly rec- 
ognizable, the nodule has enlarged so 
that it protrudes well beyond the original 
line of the root periphery. The root epi- 
dermis is broken, but cells of the cortical 
parenchyma divide and stretch consider- 
ably so that they remain as the outer- 
most layer of the nodule (figs. 12-17). 
The nodule never emerges from the origi- 
nal root cortex as does a secondary root. 

Within a week after initiation, the 
nodule has about the same diameter as 
the root, and the tissues characteristic of 
the mature nodule become differentiated 
in its basal portion. Surrounding the bac- 
teroid region, except on its side adjacent 
to the nodule meristem, is a nodule cor- 
tex of uninfected parenchymatous cells. 
These cells, distinguishable from the 
outer, root cortex by their smaller size, 
are part of the nodule proper, because 
they are derived from the general meri- 
stematic region of the nodule. Each of 
the vascular bundles differentiated in 
this nodular cortex is surrounded by a 
typical endodermal layer with Casparian 
bands; this layer will be referred to as the 
“vascular endodermis”’ or ‘‘bundle endo- 
dermis.” In addition, the outermost layer 
of the uninfected cortical parenchyma of 
the nodule develops Casparian bands, 
thus forming an endodermal layer be- 
tween the nodule proper and the outer 
cortex made up of stretched cortical cells 
of the root. This outer endodermal layer 
will be referred to as the “nodule endo- 
dermis.” The junction of these endo- 
dermal layers of the nodule with the 
endodermis of the root at the base of the 
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mature nodule is of interest. The root 
endodermis loses its identity only at the 
levels at which the two main vascular 
bundles of the nodule become differenti- 
ated; this provides further evidence that, 
with the exception of the base of each 
vascular strand, the tissues of the nodule 
are cortical in origin (figs. 23, 24). 

In pea, the nodule becomes more or 
less cylindric in shape through the action 
of the apically localized nodule meristem. 
All the tissues of the nodule—the bac- 
teroid region, the cortex, the vascular 
strands, and the nodule endodermis 
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Fics. 12, 13.—Transverse sections of root of 
Canada pea. X100. Fig. 12, with nodule vascular 
strand pictured at higher magnification in fig. 11. 
Fig. 13, nearer periphery of nodule shown in figs. 11 
and 12, showing continuity of provascular strand to 
apical meristem of young nodule. 
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differentiate acropetally as new cells are 
laid down by the meristem. The meristem 
continues to function long after the old- 
est bacteroid cells have begun to dis- 
integrate, but the nodule eventually (af- 
ter about 2 months, in this material) be- 
comes a hollow shell filled with a mass of 
bacteria and disintegrated host cells (figs. 
EO, 17). 

The vascular system of the mature 
nodule has a fairly regular pattern. Two 
main vascular strands differentiate in the 
base of the nodule (figs. 22, 25). These 
bundles branch dichotomously one or 
more times, giving a total of from six to 





1G. 14.—Transverse section of root of Canada pea; nodule in which all characteristic regions are differ- 
entiated; a, outer root cortex; 6, nodule meristem; c, bacteroid region; d, nodule cortex; e, vascular strand. 


x 200 


ten strands. Each main bundle usually 
branches twice, so that the number of 
vascular strands most frequently visible 
in a subapical transverse section of the 
nodule is eight (fig. 26). The origin of the 
two strands which connect to the root 
stele varies according to the location of 
the nodule. If the infection strand pene- 
trates into the cortex almost directly op- 
posite the phloem of the stele—that is, 
midway between two xylem arms—the 
two bundles usually originate one ad- 
jacent to each of the two xylem arms and 
at nearly the same horizontal level. If, 
as is more frequently the case, the infec- 
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tion thread penetrates to a point nearer 
to one xylem arm than to another, both 
nodular bundles are connected with that 
xylem arm, one above the other. In one 
exceptional nodule of the first type, there 
were four main strands, two connecting, 
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one above the other, to each of two ad- 
jacent xylem arms. If the two main 
strands are one above the other, the 
first two pairs of dichotomous branches 
lie in a horizontal position. If the two 
main strands attach to two different 


Transverse section of roots of Canada pea. Fig. 15, nodule slightly larger than that in fig. 


14. Regions as in fig. 14. X 100. Fig. 16, old nodule with bacteroid region disintegrating. X 70. 
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xylem arms, the first branching occursin There is no evidence of anastomosing or 
more or less vertical planes. The branches joining of these strands at the apex of the 
of the vascular strands are continuous to _ tubercle. 

the persistent meristem, and in trans- In a study of the ontogeny of the vas- 
verse section as many groups of pro-_ cular system, the first indications of the 
vascular cells as there are branches are origin of nodular bundles are the tan- 
visible very near the tip of the nodule.  gential divisions of cells in the pericycle 
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nor 

Fics, 17-20.—Fig. 17, diagram of transverse section of root of Canada pea showing old nodule, cylindric bas 

in shape; a, nodule meristem; 6, bacteroid region; c, disintegrating old bacteroid region. X 40. Figs. 18, 19, 20, J} end 
groups of cells selected at intervals of about ten cell layers from meristem of mature nodule of Alaska pea; noc 


fig. 18, from meristem; fig. rg, intrusion of infection strands, a; fig. 20, from bacteroid region. X 550. bur 
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and endodermis of the root. Serial trans- 
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r confirmed by study of both transverse 
. verse sections of roots bearing young and longitudinal sections of roots bearing 

nodules show that only at the levels at slightly older nodules (figs. 21, 22). At 
" which the two main vascular strands of levels of the nodule above and below the 
¢ the nodule differentiate is there active two vascular bundles, the pericycle oppo- 
™ division of pericyclic cells or any division — site the root phloem consists of a single 
e of endodermal cells. This observation is layer of cells that have undergone some 

















Fics. 21-24.—Fig. 21,semidiagrammatic representation of cross section of root of Canada pea at level near 
nodular bundle; a, root endodermis; b, pericycle. X75. Fig. 22, diagrammatic representation of root and 
nodule, showing two main nodular bundles; a, root xylem; b, xylem of nodular bundle; c, root endodermis; d, 
nodule endodermis; e, nodular bundle endodermis. X75. Figs. 23, 24, part of transverse sections through 
base of nodule of Alaska pea. X 250. Fig. 23, junction of nodule endodermis with root endodermis; a, root 
endodermis; b, nodule endodermis; c, infected cells of nodule; ¢, protoxylem of root. Fig. 24, junction of 
nodule endodermis and nodule vascular endodermis with root endodermis; a, root endodermis; }, nodular 
bundle; c, nodule vascular endodermis; d, nodule endodermis. 
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FIGs. 25-27.—Fig. 25, tangential section of root of Canada pea through base of nodule, showing two main 
nodular bundles in cross section, a. X 100. Fig. 26, cross section near apex of nodule shown in fig. 25; a, nodule 
outer cortex; b, provascular strands in cross section. X 100. Fig. 27 


strand at level a little farther from tip than fig. 26, showing Casparian bands in bundle endodermis, a, an¢ 


in nodule endodermis, 6; vascular tissues of bundle not differentiated. X 450. 
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hypertrophy; opposite the xylem, the 
pericycle consists of the usual two or 
three layers of cells, which show some 
radial elongation. 

The second stage in the development 
of the vascular strands of the nodule is a 
marked radial elongation of rows of cells 
derived from the tangential divisions of 
the pericycle opposite the xylem and 
phloem of the root. Then, almost simul- 
taneously, radial divisions occur in two 
to several rows of cells, one continuous 
from the side of the xylem arm to the 
endodermis, another continuous from the 
sieve tubes lying nearest one side of the 
xylem arm, and sometimes a row con- 
tinuous with the phloem abutting the 
other side of the xylem arm (fig. 10). 
There follow very closely similar divi- 
sions of the endodermal derivatives ad- 
jacent to these rows. Then, simultaneous 
radial divisions of cells in the basal region 
of the nodule form provascular strands 
that are continuous to the apical meri- 
stem of the young nodule (figs. 12, 13). 

Differentiation of the vascular tissues 
is acropetal. By the time that the basal 
parenchyma cells of the nodule are en- 
larged and definite provascular strands 
can be seen between the root stele and 
the nodule meristem, maturation is al- 
most complete in the cells of the part of 
the vascular strand derived from the 
pericycle, and secondary thickenings are 
visible on xylem walls (figs. 11, 12). Dif- 
ferentiation then proceeds from the root 
stele acropetally in the provascular 
strands. This differentiation is paralleled 
by differentiation of the nodule endo- 
dermis. About the time that differentia- 
tion of xylem and phloem begins in the 
provascular strand, the nodule endo- 
dermis starts to develop adjacent to the 
root endodermis. The peripheral cells at 
the base of the nodule develop wall thick- 
enings, which are typical Casparian 
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bands. In the part of each vascular strand 
between the root endodermis and the 
nodule meristem, the bundle endodermis 
becomes differentiated as a layer con- 
tinuous with the endodermal layer of the 
root (fig. 24). At the base of the vascular 
strand, the bundle endodermis and the 
xylem mature at about the same time, a 
little later than the nodule endodermis. 
Cross sections of the nodule show a 
slightly different order of differentiation 
near its apex. Here the first tissue to ma- 
ture in the vascular strands is the bundle 
endodermis, which develops Casparian 
bands at about the level nearest the apex 
at which bacteroid tissue is distinguish- 
able (figs. 27, 28). This differentiation is 
followed closely by maturation of the 
nodule endodermis, which develops typi- 
cal Casparian strips first opposite the 
provascular strands (fig. 29), and then 
becomes continuous around the entire 
nodule. The phloem becomes recogniz- 
able by its paired cells with prominent 
nuclei, and thickening of the xylem walls 
begins at almost the same level, a few 
microns farther from the apex than the 
first differentiated nodule endodermis 
(fig.30). The fully differentiated vascular 
strand is composed of scalariform xylem 
elements—all of which appear to be 
tracheids—that lie toward the outside of 
the nodule and, centripetal to the xylem, 
phloem consisting of sieve tubes, com- 
panion cells, and parenchyma. The con- 
ducting tissues are surrounded by a par- 
enchymatous bundle sheath, and the 
whole bundle is surrounded by the vas- 
cular endodermis (figs. 29, 30). The in- 
verse collateral arrangement of xylem 
and phloem in the bundle is established 
very near the nodule base (fig. 25). This 
is true even in a strand that is bicol- 
lateral at its base. In cases in which 
strands of phloem connect to the two 
phloem strands adjacent to a xylem arm 
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Fics. 28-34.—Fig. 28, bundle at level just above that shown in fig. 27; a, Casparian bands in part of 
bundle endodermis. Fig. 29, bundle just below level in fig. 27; a, bundle endodermis; 6, nodule endodermis; 
c, xylem with walls becoming thickened; d, phloem; e, bundle sheath. Fig. 30, longitudinal section of bundle 
from same nodule; a, bundle endodermis; b, xylem; c, sieve tube; d, companion cell; e, bundle sheath. Fig. 
31, edge of nodule, showing 2” chromosome plate in nodule cortex. Fig. 32, portion of same, enlarged to 
show 2n (=14) chromosome plate. Fig. 33, cell from nodule meristem of Canada pea showing 28 (4m) chromo- 
somes. Fig. 34, part of provascular strand, showing one 2m and one 4x chromosome plate. Figs. 28-30, 32, 33; 

x 550. Figs. 31, 34, X 250. 
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in the root stele, they arise at a level 
slightly nearer the center of the nodule 
than the xylem. The orientation of the 
two strands changes through an angle of 
go so that one comes to lie above the 
other and both are nearer the axis of the 
nodule than the xylem. As they differen- 
tiate apically, these two strands join to 
form the single phloem strand found 
throughout most of the length of the 
vascular bundle. At the very base of the 
nodule there is some cambial activity in 
the bundle, and numerous tracheids are 
added by the cambium and by the mat- 
uration of pericyclic derivatives to make 
the connecting xylem mass conical in 
shape. The phloem of the nodular bundles 
does not reach the stage of maturity 
found in the root stele; the nuclei remain 
prominent in the sieve tubes, and slime 
bodies are not conspicuous. 

The general arrangement of vascular 
tissues and the branching of the bundles 
of nodules were described by VUILLEMIN 
(26) for several species of leguminous 
plants. He did not observe the nodule 
endodermis but did picture the endo- 
dermal layer around each bundle. He 
considered the nodule vascular system a 
simple polystele with inverted bundles. 
DANGEARD (8) observed both the nodule 
endodermis and the bundle endodermis 
in a number of Leguminosae, including 
Pisum. In only one case, which he dis- 
missed, did he observe levels of the nod- 
ule at which the continuity of the root 
endodermis across the nodule base was 
visible. For this reason, he interpreted 
the nodule endodermis as a stretched 
root endodermis and considered the nod- 
ule pericyclic in origin. THORNTON and 
his co-workers (4, 21, 23) noted the pres- 
ence of the two types of endodermis in 
the nodules of alfalfa but did not trace 
their development. FRAZER (11) studied 
in detail the endodermal layers in mature 
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nodules of clover, broad bean, soybean, 
and pea, varieties ‘‘Maple” and ‘“‘Glad- 
stone”; but she concluded that the outer 
layer was not a typical endodermis be- 
cause she found no walls with Casparian 
bands but only completely suberized 
walls. THORNTON applied the name “‘lat- 
eral endodermis” and FRAZER the name 
“common endodermis”’ to the outer layer 
that is called here the ‘nodule endo- 
dermis.”’ FRAZER pointed out that the 
term “‘lateral” is hardly an accurate de- 
scription of the outer endodermis in nod- 
ules of the spherical type. Because “‘com- 
mon”’ is used to refer to vascular tissues 
in stems, the term ‘‘nodule endodermis”’ 
is used in the present study as more near- 
ly descriptive of the tissue in question. 
The term “vascular endodermis’”’ or 
‘bundle endodermis” seems adequate for 
the endodermal layer surrounding the 
vascular strand. In the varieties of pea 
used in the present investigation, both 
the vascular and the outer endodermal 
layers of the nodule as well as the root 
endodermis show typical Casparian 
bands and should be considered true en- 
dodermal layers. Their physiological sig- 
nificance has not been determined ade- 
quately (11), and, because their arrange- 
ment is unlike that found in any other 
plant organ, further physiological studies 
should be of interest. 

This account of the vascular system of 
the pea nodule differs at several points 
from that given for soybean by BIEBER- 
poRF (2). He found that, in the formation 
of the provascular strands, the first radial 
divisions occur in the cortical paren- 
chyma cells at the base of the nodule and 
proceed both apically and back toward 
the root. In contrast, radial divisions 
that form provascular strands in pea pro- 
ceed acropetally. Another difference is 
that BIEBERDORF found nodular bundles 
to be not collateral but made up of 
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scalariform xylem vessels ‘“‘surrounded 
by parenchyma cells that are of a phlo- 
em-like nature.” He observed consider- 
able cambial activity in the nodule 
bundles of soybean, which is in contrast 
to the usually slight cambial activity in 
pea. In the present study there was no 
evidence that vascular bundles in the pea 
unite at the nodule apex as BIEBERDORF 
found that they do in soybean. 

The necessity of boron for vascular 
differentiation in the nodule (4) and the 
peculiar effects of sodium nitrate upon 
its endodermal layers (23) suggest that 
further physiological studies are neces- 
sary for an understanding of the complex 
interrelationship of rhizobia and legu- 
minous host plants of which nodule de- 
velopment is one result. 

The chromosome number of nodule 
cells is of interest. Present observations 
agree with those of others (20, 30, 31) in 
showing that many cells in the nodule 
meristem are tetraploid, having twenty- 
eight chromosomes (fig. 33). In one case, 
however, a plate showing fourteen chro- 
mosomes was found near the center of the 
meristematic region of a fairly mature 
nodule. The cells in the nodule cortex 
were observed to be diploid (figs. 31, 32), 
as was noted by WIPF (29). In one case, 
diploid and tetraploid chromosome plates 
were observed in the same provascular 
strand (fig. 34). This raises an interesting 
question as to the nature of the tissues 
making up the vascular bundles. Addi- 
tional information as to actual chromo- 
some numbers in various parts of the 
nodule would be of very great interest. 
The lack of division figures in the bac- 


teroid and some other regions has made 
such information relatively unavailable. 
Because of the tremendous variation in 
size of resting nuclei within the nodule 
(figs. 18, 19, 20), there is some doubt that 
their size can be considered a reliable 
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criterion of chromosome number in these 
cells. 

‘rom their observations on the origin 
of nodules, WipF and COOPER (31) sug- 
gested that in the leguminous root only 
regions containing disomatic cortical 
cells develop into nodules and that the 
lack of proliferation of cortical cells near 
other infection strands may be the result 
of the absence of tetraploid cells in the 
vicinity. If this is the case, it would be of 
interest to know why only those diploid 
cells occurring near tetraploid cells divide 
in response to the presence of rhizobia. 
Carbohydrate supply has been suggested 
as another limiting factor to the number 
of infection strands that actually stimu- 
late nodule development. Observations 
indicate that the number of nodules per 
unit length of pea root is greater in plants 
growing under conditions very favorable 
for photosynthesis; whether the number 
of naturally occurring disomatic cells is 
also increased under such conditions is 
not known. In view of the variety of sub- 
stances that may upset mitosis and re- 
sult in the production of polyploidy, the 
possibility that some substance secreted 
by the rhizobia may induce polyploidy 
in the nodule cells is not entirely elimi- 
nated. If the infection strands can infect 
only cells that are already disomatic, 
then the disomaty may be a result of 
some other characteristic of the cell, such 
as cytoplasmic viscosity, that also al- 
lows release of the bacteria into the host- 
cell cytoplasm. All these questions sug- 
gest lines for further study of the inter- 
relations of rhizobia and the cells of their 
hosts. 

Summary 

1. The anatomy of the root of Pisum 
sativum in the region of nodule develop- 
ment is described. 

2. Both the protophloem and the meta- 
phloem in the roots of plants of the 
variety Perfection are characterized by 
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sieve tubes with companion cells and 
sieve plates. In the variety Canada, roots 
show conspicuous dumbbell-shaped slime 
bodies in the sieve tubes. 

3. Branch roots originate by divisions 
of pericyclic cells opposite one of the 
xylem arms. 

4. Some radial divisions occur in the 
endodermal cells opposite developing 
branch roots, but the endodermal sheath 
remains continuous for only a short time 
and is soon ruptured near the base of the 
elongating lateral root. 

5. Root nodules originate by prolifera- 
tion of the cortical parenchyma cells in 
the vicinity of the rhizobial infection 
strand, which enters the root through a 
root hair and penetrates through three 
to five layers of cortical parenchyma 
cells. 

6. The number of cells in the nodule 
increases at first by divisions throughout 
a spherical mass of cells, then by the ac- 
tion of an apically localized meristematic 
region. 
the infection strand 
penetrate many of the cells in the central 
region of the developing nodule, and 


7. Branches of 


rhizobia are released into the cytoplasm 
of the host cells. 

infected 
cells, but no division stages were ob- 
served in cells having many rhizobia in 


8. Divisions occur in some 


the cytoplasm. 

g. The nodule becomes differentiated 
into an infected or bacteroid region, ad- 
jacent to the apical meristematic region, 
and an uninfected cortical parenchyma. 

10. The root epidermis is broken as the 
nodule enlarges, but the nodule does not 
emerge from the root cortex. 

11. Two main vascular strands differ- 
entiate at the base of the nodule and 
branch dichotomously to give from six to 
ten vascular bundles near the apex of the 
nodule. 

12. At the level of the root at which a 
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nodule vascular strand differentiates, the 
pericyclic cells adjacent to a xylem arm 
and the endodermal cells in the same 
radii of the root divide first tangentially, 
then radially. The provascular strands 
become differentiated acropetally by ra- 
dial divisions of cells in the uninfected 
cortical region of the nodule. 

13. Maturation of vascular tissues in 
the nodule begins in the cells derived 
from the root pericycle and proceeds 
acropetally. 

14. There are two endodermal layers 
in the nodule. An endodermis with typi- 
cal Casparian bands surrounds each vas- 
cular strand and is termed the “vascular 
endodermis” or “bundle endodermis.”’ 
An endodermal layer designated here as 
the ‘‘nodule endodermis”’ differentiates 
in the outermost layer of the uninfected 
cells of the nodule cortex and forms a 
cylinder adjacent to the larger stretched 
cells of the surrounding root cortex. The 
cells of this endodermal layer also have 
typical Casparian bands. Both endo- 
dermal layers join the endodermis of the 
root. 

15. The number of chromosomes found 
in the cells of the nodule usually is 
twenty-eight (4) in its meristem and 
fourteen (2m) in its cortical region. One 
cell near the center of the nodule meri- 
stem had fourteen chromosomes. Two 
cells in the same provascular strand had 
different numbers of chromosomes, one 
fourteen, one twenty-eight. 


I wish to express my sincere apprecia- 
tion for the helpful suggestions and criti- 
cism given in the course of this investiga- 
tion by Professors Emma L. Fisk and 
EvizABETH McCoy of the University of 
Wisconsin. The photomicrographs were 
made by Mr. EUGENE HERRLING. 
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RESPONSES OF PEA ROOTS TO APPLICATION OF 





CERTAIN GROWTH-REGULATING SUBSTANCES 


LORA BOND’ 


Introduction 


The stimulus to cell proliferation in 
leguminous roots that ultimately results 
in nodule development has been the sub- 
ject of considerable speculation. The root 
nodule is obviously related to bacterial 
infection (11), and for a time after the 
discovery of bacteria in the nodule no 
other stimulus than their presence was 
sought. In 1936 THIMANN (25) suggested 
a theory of nodule formation based upon 
a synthesis of several facts established 
by earlier experiments. According to his 
theory, the nodule is essentially a branch 
root stimulated to develop but prevented 
from elongating by some diffusible sub- 
stance, probably indoleacetic acid, pro- 
duced by the rhizobia. The direct experi- 
mental evidence that THIMANN gave in 
support of his theory is that (a) young 
nodules give a positive Avena test and 
(b) external application of indole-3-acetic 
acid induces swelling of pea roots and 
lateral root initiation. Other investiga- 
tors have demonstrated that rhizobia 
produce indoleacetic acid if grown in a 
medium containing tryptophane (9, 12, 
18); that nodules have a greater auxin 
content than the roots on which they are 
borne (19); and that rhizobial culture 
medium (22) or pure indoleacetic acid 
(20) will cause pericyclic proliferation 
and cortical hypertrophy. Indoleacetic 
acid also induces excessive branch root 
initiation in leguminous roots. Such evi- 
dence supports THIMANN’s theory, but 

‘Investigation carried on at the University of 
Wisconsin, where the author was a Wisconsin 


\lumni Research Foundation Research Assistant 
in the Department of Botany. 
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Kraus (14) pointed out that anatomical 
evidence also should be taken into ac- 
count. 

The nodule anatomy of several legu- 
minous plants (alfalfa, bean, bur clover, 
pea, peanut, and soybean) has been 
studied in detail (26; 21; 23; 6, 10, 273 13 
4). Except in peanut, the root tissue that 
proliferates and contributes to the nodule 
structure is the cortical parenchyma. 
Secondary roots in leguminous plants 
that have been examined (6, 7) are 
pericyclic in origin. The difference in 
origin of these two structures indicates 
that they are not homologous. Even in 
peanut, in which the nodule does arise in 
the pericycle, there are anatomical differ- 
ences between nodules and lateral roots 
(1). The idea that the tubercle or nodule 
is a potential lateral root, the develop- 
ment of which has been arrested, is not 
supported by literature dealing with 
nodule morphology. The question re- 
mains whether some specific substance 
produced by the rhizobia stimulates the 
proliferation of the root cortex. 


REVIEW OF LITERATURE 

There are few reports on the effects of 
application of growth-regulating com- 
pounds to roots; certainly there have 
been few such extensive and careful his- 
tological studies as those made by 
Kraus and his coworkers (13, 14, 15, 16) 
on decapitated stems and other aerial 
parts of bean plants. 

The cessation of elongation and the in- 
crease in diameter of roots of plants 
grown from seeds or seedlings treated 


with colchicine, chloral hydrate, or 
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growth substances has been noted by 
many workers, cited by Bonb (5) and by 
CARLTON (8). 

ZIMMERMAN and HiIrcHcock (28) 
found that when aerial roots of a tropical 
grape (Cissus sicyoides L. var. jaquini 
Planch.) were treated with various “‘ root- 
substances” (alpha-naphtha- 
leneacetic acid, indoleacetic acid, indole- 
propionic acid, indolebutyric acid, delta- 
| 3-indolyl|-valeric acid, and phenylacetic 
acid) in aqueous solution or in lanolin 
preparation, responses were bending, re- 
tardation in extension, increase in diam- 
eter, and, within 3 days, the initiation of 
branch roots. They found application of 
lanolin mixtures farther away from the 
tip than the region of elongation to be in- 
effective unless the root was scraped first, 
in which case lateral roots were initiated 
just behind the treated area. PFEIFFER 
(24) observed sections of roots of the 
same tropical grape which had been 
treated with indolebutyric acid or other 
compounds. The branch roots that de- 
veloped on the aerial roots following 
chemical treatment were typical lateral 
roots arising in the pericycle; the tissue 
giving rise to each young root lay entirely 
within the endodermis of the main root. 
ZIMMERMAN and HIrTcHcock (29), in fur- 
ther experiments on the responses of 
aerial roots of Cissus, found that both 
phenoxy and naphthoxy compounds in- 
duced unusual swellings that developed 
into fasciated rows of branch roots op- 
posite the vascular strands. The vascular 
structure was maintained in each lateral 
root primordium of the fasciated row of 
branch roots, and the vascular tissue 
showed that each fasciated wing was 
composed of six or more roots. 

CARLTON (8) made detailed anatomical 
studies of treated roots of several bulb- 
forming monocotyledonous plants (A/- 
lium cepa, Narcissus var. Paper White, 


forming 





Tulipa vars. John Ruskin and Louis 
XIV). The bulbs were allowed to develop 
roots in a three-salt nutrient solution; in- 
dividual bulbs were then transferred for 
24-72 hours to a nutrient solution con- 
taining one of six growth-regulating sub- 
stances (alpha-naphthaleneacetic acid, 
indole-3-acetic acid, indole-3-butyric 
acid, beta-naphthoxyacetic acid, alpha- 
naphthyl acetamide, and tryptophane). 
Roots were sectioned at different inter- 
vals after being transferred back to the 
ordinary nutrient solution. CARLTON ob- 
served that root tumors which developed 
differed with both the kind of plant and 
the chemical used. In Narcissus only 
slight proliferation was observed and 
that was in endodermal cells. In Allium 
tumors resulted chiefly from hypertrophy 
of cortical cells and from proliferation of 
pericyclic cells, with or without forma- 
tion of definite, organized branch-root 
primordia. 

There have been a few investigations 
of root responses of leguminous plants to 
growth-regulating chemicals. These in- 
clude the studies of THIMANN (25) on pea 
and Link ef al. (20) on bean. The roots 
on their plants curved and developed ir- 
regular enlargements in response to sur- 
face application of indoleacetic acid in 
lanolin; no detailed histological studies 
were made in either of these cases. BEAL 
(2, 3) found that certain chlorophenoxy 
compounds, when applied to leaves or 
stems of sweet pea or bean, induced 
marked proliferation of certain tissues in 
their roots. 


Material and methods 
Two varieties of cultivated pea (Pisum 
sativum L.) were used: Canada field pea 
and Perfection garden pea. Because the 
study was undertaken in order to com- 
pare the effects of growth-regulating sub- 
stances with the effects of rhizobia in 
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stimulating nodule production, the 
plants were grown under bacteriological- 
ly controlled conditions to insure the ab- 
sence of rhizobia from the cultures. Seeds 
were sterilized by a method previously 
described (6) and were allowed to soak 
overnight in sterile distilled water. Ger- 
minating seeds were then placed in cul- 
ture jars (fig. 1) that had been sterilized 
by autoclaving. These jars were cylin- 
dric, 3¢ inches in diameter and 8 inches 
high. Each was filled to a depth of 1 inch 
with a Crone’s salts nutrient solution 
with 3% agar added to give a semisolid 
medium. Half a Petri dish was used as 
the cover for each jar, and a band of 
plugging cotton was inserted between the 
jar rim and the lid to allow some inter- 
change of gases. Twelve cultures were 
set up, six of Canada peas and six of Per- 
fection peas. The seeds, usually five per 
jar, were placed carefully on the surface 
of the medium, with the hypocotyl 
pointing down. The jars were kept in a 
dark room for 2 days, until the primary 
root had penetrated into the culture me- 
dium and the plumule had emerged from 
the seed coat. Then a black paper jacket 
5 inches wide was fastened around the 
lower part of each jar, and the cultures 
were transferred to the greenhouse. 

A week later the roots were treated. 
Five growth-regulating substances were 
used: indoleacetic acid, asparagine, tryp- 
tophane, 2,4,5-trichlorophenoxyacetic ac- 
id (2,4,5-T), and 2,3,5-triiodobenzoic 
acid, each at a concentration of 1% in 
lanolin, except asparagine, used at 3%. 
In most cases a small block of agar con- 
taining a primary or secondary root tip 
was cut out aseptically, and the cut tip 
was measured to determine how far from 
the tip the surface to be treated lay. The 
tip was discarded. Then a pellet of lano- 
lin containing the chemical was placed on 
the cut surface of the attached root ex- 
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posed by removal of the agar block. Lan- 
olin mixture was applied to the tips of a 
few uncut roots. Some roots were cut and 
not treated further, some were cut and 
treated with plain lanolin, and plain lan- 
olin was applied to the tips of some un- 
cut roots. Each substance was applied to 
the roots of Canada peas in one jar and 





Fic. 1.—Culture jar used for growing plants 
treated with growth substances under bacterio 
logically controlled conditions. 


to Perfection peas in another. In addi- 
tion, one container of plants of each 
variety was left untreated, except for 
three root tips of one plant of each that 
were inserted into vials of liquid filtrate 
from a culture of rhizobia. 

Treated roots, any other abnormal- 
looking roots from the same plants, and 
controls were collected 1 week after ap- 
plication of the chemicals and fixed in 
Karpechenko’s modification of Nava- 
shin’s solution, dehydrated, cleared and 
infiltrated by the cedar-oil method, and 
imbedded in paraffin. Sections cut 104 
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thick were stained with safranin and 
Delafield’s haematoxylin. A few roots 
were cleared in eau de Javelle, stained in 
basic fuchsin, dehydrated, and mounted 
whole. 


Results and discussion 


2,4,5- TRICHLOROPHENOXYACETIC ACID. 
This acid induced more striking re- 


only in the distal portions, so that there 
was a greater difference in diameter be- 
tween the root tip and other parts of the 
organ than in the cut roots (fig. 2). On 
the same plants there was a marked ef- 
fect upon short secondary roots, which 
appeared stubby and of a characteristic 
mucronate shape (fig. 2). External ob- 
servations indicated that the roots vir- 





Fic. 2.—Plants 1 week after application of 2,4,5-T; variety Canada at left, Perfection at right; a, cut 


” 


roots; b, short ‘‘mucronate” secondary root. x}. 


sponses than the other four growth sub- 
stances used in these experiments. The 
cut secondary roots directly treated 
with this substance became thickened 
throughout their length, but the greatest 
increase in diameter occurred within 2 
or 3 mm. from the treated surface. These 
roots were enlarged sufficiently to appear 
abnormal macroscopically (fig. 2). Even 
more apparent were the enlargements at 
the uncut tips of the primary and other 
fairly long secondary roots of the same 
plants. These uncut roots were thickened 


tually stopped elongating following ap- 
plication of the substance. 

There were apparently two factors in- 
volved in the spread of this growth sub- 
stance from the point of application to 
other parts of the plant and to other 
plants. One factor was transport within 
the plant. Evidence that this may occur 
is found in the experiments of BEAL (2), 
who observed “‘telemorphic effects” in- 
duced in the root system of the sweet pea 
following application of a related com- 
pound, 4-chlorophenoxyacetic acid, to 
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the leaflets or stems. The second factor 
was diffusion of the substance through 
the semisolid agar medium in which the 
plants were grown. 2,4,5-T evidently dis- 
solved out into the medium from the 
lanolin mixture applied to the roots. In 
the culture of Canada peas so treated, 
the lanolin mixture was not applied to 
one plant (extreme left in fig. 2) because 
it had too few branch roots when the 
other plants were treated. Its roots, how- 
ever, later showed abnormalities similar 
to those of the other plants. The changes 
were more pronounced because they oc- 
curred at a different stage in root devel- 
opment. 

Mounts of whole roots affected by 
2,4,5-T showed that increase in root di- 
ameter resulted chiefly from irregular 
enlargement of the stelar region. The var- 
iations in diameter increased with dis- 
tance from the tip, and enlarged portions 
were associated with secondary-root pri- 
mordia at higher levels. 

Sections of abnormal pea roots re- 
vealed that tissue proliferation induced 
by 2,4,5-T was somewhat similar to that 
induced by 4-chlorophenoxyacetic acid 
in sweet pea (2). Both longitudinal and 
transverse sections showed that root tis- 
sues obviously affected by 2,4,5-T dif- 
fered according to the stages of maturity 
reached at the time of application. In 
longitudinal section, the root cap cells ap- 
peared more nearly round and were ar- 
ranged in more regular rows than is usual 
in pea roots (fig. 3). Active division of 
cortical cells was found at a greater dis- 
tance from the tip in affected roots than 
is usual in normal roots (figs. 3, 4). The 
greatest meristematic activity occurred 
in the pericyclic region. From 0.5 mm. 
to 0.75 mm. from the root tip, the peri- 
cycle appeared in cross section as a ring 
of very small cells, with dense proto- 
plasm, encircling the immature vascular 
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tissues and surrounded by a cortex of 
larger cells that were still dividing (fig. 
4). At a higher level, 1 mm. from the tip, 
the band made up of radial rows of peri- 
cyclic cells was much wider, accounting 
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Fic. 3.—Longitudinal section of root of Per- 
fection pea treated with 2,4,5-T; a, hypertrophied 
cells. X70. 


for almost all the increase in root diam- 
eter (fig. 5). At this level, protoxylem 
was differentiated, and there was little 
evidence of proliferation in the vascular 
tissues. The cortical cells showed only a 
few divisions. No distinct endodermal 
layer with Casparian bands was visible, 
and it appeared that some proliferation 
of the endodermis may have been associ- 
ated with the marked meristematic ac- 
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Fics. 4-6.—Transverse sections at successive levels from ne 
same plant as in fig. 3. X 100. 
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tivity of the pericycle. At a little higher 
level, 1.5 mm. from the tip, there was 
still no evidence of proliferation in the 
vascular tissue, but the band of pericyclic 
cells was even wider, and the most active 
divisions were localized opposite one or 
more of the xylem arms (figs. 3, 6, 7). At 
this level, approximately that of maxi- 
mum diameter in the enlarged portion of 
the root, there was no meristematic ac- 
tivity in the cortex, and many of the 
cortical cells were stretched or torn by 
the centrifugal growth of masses of peri- 
cyclic cells. The number of root hairs on 
the part of the root 1 to 2 mm. from the 
tip, normally the region of maturation, 
was quite large, with the greatest num- 
ber at the level of maximum diameter. 
Marked hypertrophy of epidermal cells 
was also evident (fig. 3). In some parts 
of the root, the outermost cells were at 
the ends of radial rows of two to four cells 
that appeared to have arisen earlier by 
tangential divisions of epidermal cells. In 
the mature region, there was less tissue 
proliferation in response to 2,4,5-T, and 
it was limited to the vicinity of young 
branch roots. Meristematic activity in 
the cortical parenchyma of the base of 
partly emerged secondary roots and in 
the near-by pericyclic cells of the main 
root was responsible for the development 
of the * collar” that made the root appear 
mucronate in shape (fig. 8). 

The response of the root tissues at dif- 
ferent levels indicates that the pericyclic 
cells retain the power of division longer 
than do the cells of other tissues. 

The vascular tissues did not mature 
beyond the stage they had reached when 
2,4,5-T was applied. This point is of in- 
terest in connection with the application 
of phenoxy compounds as herbicides. 

TRYPTOPHANE.—In material treated 
with this substance, the roots were not so 
obviously abnormal in external appear- 
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ance as were those treated with 2,4,5-T. 
The tips of treated cut roots were slightly 
thickened, and uncut treated roots were 
visibly enlarged, but untreated roots on 
the same plants were not affected. 

Sections of tryptophane-treated roots 
showed several very marked differences 
in development from roots treated with 
the phenoxy compound. As in the latter, 
there was an increase in diameter of the 
stele, with consequent tearing of cortical 
cells (fig. 9). There were fewer divisions 
of pericyclic cells that resulted in definite 
radial rows of two to four cells, and one 
or more divisions occurred in endodermal 
cells (figs. 10, 12). The increase in stelar 
tissue was brought about in tryptophane- 
treated material chiefly by proliferation 
of xylem parenchyma, accompanied by 
some cambial activity. The phloem pro- 
liferated very little, if at all, and it be- 
came somewhat crushed by the prolifer- 
ating xylem. Numerous cells differenti- 
ated as scalariform tracheids in the stele, 
especially those derived from the xylem 
parenchyma. The protoxylem elements 
became plugged (fig. 10). Tissue matura- 
tion proceeded nearer to the tip than in 
untreated roots (fig. 11). 

The response to tryptophane was 
much more marked in pea roots than in 
roots of Allium, Tulipa, and Narcissus 
observed by CARLTON (8). In Allium 
there was little change in treated roots 
except that the endodermal cells divided 
tangentially. In Tulipa some cells of the 
proliferated endodermis “take on the ap- 
pearance of wound tracheids.” In roots 
of Narcissus there were a few divisions of 
pericyclic cells as well as of endodermal 
cells. 

The response of pea roots to trypto- 
phane was in some respects similar to, 
and in other respects quite different 
from, the response to tryptophane ob- 
served in bean stems by Kraus (14). In 









Fics. 7-8.—Fig. 7, transverse section of root of Canada pea treated with 2,4,5-T. 100. Fig. 8, longi- 
tudinal section of root of Perfection pea treated with 2,4,5-T, showing ‘‘mucronate” lateral root. X 100. 
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Fics. g-10.—Fig. g, transverse section through enlarged portion of root of Canada pea treated with 


tryptophane. X 70. Fig. 10, stelar region of root shown at lower magnification in fig. 9; a, protoxylem, partly 
plugged; 6, scalariform tracheids; c, row of pericyclic derivatives. X 450. 








Fics. 11-12.—Fig. 11, longitudinal section of root of Canada pea treated with tryptophane, showing 
abnormal maturation in lateral root. X70. Fig. 12, transverse section of root of Perfection pea treated with 
tryptophane. X 100. 
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bean stems, as in pea roots, the cambium 
underwent many divisions. There was 
enlargement and some division of epider- 
mal cells in the bean stems, and the cor- 
tical parenchyma cells divided to some 
These were accom- 
panied by an extensive proliferation of 
ray cells. The most striking effect in 
bean stems, the very active proliferation 
of endodermal cells, was less prominent 


extent. responses 


in pea roots. 

Three responses of pea roots to trypto- 
phane are of interest because of similari- 
ties to nodule proliferation. First, the 
cortical cells remained in a continuous 
layer over root primordia much longer 
than is normal; second, there was vascu- 
lar differentiation in the proliferated 
cells; and third, some division of both 
endodermal and pericyclic cells occurred. 
There was one great difference between 
the response to tryptophane and the ef- 
fects of rhizobia in root tissues. In the 
tryptophane-treated material there was 
almost no proliferation of cortical cells, 
which form most of the nodule mass. An- 
other difference was that vascular differ- 
entiation did not follow a definite pat- 
tern, as it does in the nodule, but was 
quite irregular. 

OTHER SUBSTANCES.—Roots treated 
with indoleacetic acid increased slightly 
in diameter as a result of hypertrophy of 
cortical cells in the region of elongation. 
There was also some initiation of lateral 
roots by pericyclic activity. In roots 
treated with the filtrate from a culture of 
rhizobia, there was some stimulation of 
branch-root formation. 

Roots treated with asparagine or with 
2,3,5-triiodobenzoic acid showed almost 
no changes. Part of the reason for this 
lack of response may be that all the roots 
directly treated with those substances 
had the tips cut off, whereas in both the 
2,4,5-[- and the tryptophane-treated 
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material greater changes appeared in the 
uncut treated roots included in those 
series than in cut roots. Changes in the 
treated cut roots were far less marked 
than the responses to tryptophane re- 
ported for decapitated bean stems by 
Kraus (14). The only cut roots that 
showed very great reactions were those 
treated with 2,4,5-T. 

Both lots of treated pea roots de- 
scribed in detail above—those treated 
with 2,4,5-T and those treated with 
tryptophane—differed in two respects 
from the roots of Cissus (24) and Allium 
(17) treated with indoleacetic, indole- 
propionic, indolebutyric, or alpha-naph- 
thaleneacetic acid. First, the responses 
were not primarily the initiation of 
branch roots as in Cissus and Allium, 
and, second, increase in the diameter of 
pea roots treated with tryptophane or 
with 2,4,5-f was brought about chiefly 
by an increase in cell number rather than 
by cell enlargement. CARLTON (8) ob- 
served almost no increase in cell number, 
except near the meristematic region and 
in branch primordia, in roots of Allium, 
Narcissus, and Tulipa enlarged as a re- 
sult of treatment with indole compounds. 

It may be concluded from these re- 
sults that none of the growth substances 
used in these experiments stimulates the 
type of tissue proliferation found in the 
formation of root nodules. Notably, pro- 
liferation of cortical cells was almost en- 
tirely lacking in all cases. This does not 
eliminate the possibility that the effect 
of rhizobia is brought about by some dif- 
fusible substance, not yet identified, that 
is produced by the bacteria. 


Summary 


1. Pea roots with their tips cut off 
showed marked response to application 
of  2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T) in lanolin and a less marked 
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one to tryptophane. Only slight reactions 
followed similar application of aspara- 
gine, indoleacetic acid, 2,3,5-triiodoben- 
zoic acid, or filtrate from a culture of 
rhizobia. 

2. Uncut roots enlarged more than cut 
roots following direct application of tryp- 
tophane or 2,4,5-T to each. Uncut roots 
enlarged more than cut roots on the same 
plant, following application of 2,4,5-T 
to the latter. 

3. Roots of pea showed the following 
effects after treatment 2,4,5-T: 
(a) an increase in diameter brought about 
largely by meristematic activity of the 
pericycle, accompanied by some prolif- 
eration of the endodermis; (b) active di- 
vision of cortical parenchyma near the 
meristematic region; (c) in the enlarged 
region, stretched and torn cortical paren- 
chyma cells; (d) in the mature region, 
meristematic activity of the pericycle 
limited to the vicinity of branch roots; 
(e) hypertrophy of epidermal cells; (f) an 
increase in number of root hairs, especial- 
ly at the level of greatest diameter of the 
enlarged root; (g) failure in differentia- 
tion of vascular tissues beyond the stage 
reached at the time of application of the 
growth substance. 
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4. Pea roots showed the following ef- 
fects from application of tryptophane: 
(a) an increase in diameter brought 
about chiefly by proliferation of xylem 
parenchyma and cambium; (b) some di- 
visions in pericycle and endodermis; 
(c) scattered cells in the stelar region 
maturing as scalariform tracheids. 

5. Tryptophane-treated 
sembled those with developing nodules 
in that there was some division of both 
pericyclic and endodermal cells and in 
that there was differentiation of scalari- 
form tracheids in the proliferated tissues 
of the stele. 

6. In pea roots none of the growth sub- 
stances used stimulated division of the 
cortical parenchyma cells, in which most 
of the proliferation takes place in devel- 
oping nodules. 


I wish to express my sincere apprecia- 
tion for the helpful suggestions and criti- 
cism given in the course of this investi- 
gation by Professors Emma L. Fisk and 
E1izABETH McCoy of the University of 
Wisconsin. The photomicrographs were 
made by Mr. EUGENE HERRLING. 


DEPARTMENT OF BOTANY 
WELLESLEY COLLEGE 
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ABSCISSION AND OTHER RESPONSES INDUCED BY 2,3,5-TRI- 
IODOBENZOIC ACID IN BEAN PLANTS 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 598 


A. GERALDINE WHITING AND MARY AILEEN MURRAY 


Introduction 

2,3,5-Triiodobenzoic acid has been 
classified (13) as a plant growth-regulat- 
ing substance which is active in inducing 
modification of organs but is inactive in 
causing cell elongation or root formation. 
In initial tests of this substance for 
physiological activity, ZIMMERMAN and 
Hircucock (14, 15) observed marked 
disturbance in the correlation of organs 
in tomato plants treated with the acid. 


They reported that vegetative growth 
and flowering habits were modified. 

In trials of various substances for 
herbicidal purposes, Kraus and Muirt- 
CHELL (6) found that 2,3,5-triiodobenzoic 
acid induced changes mainly in the vege- 
tative character of treated bean plants. 
In the stem, internodal elongation was 
checked, and growth of terminal and 
axillary buds was affected. Leaves from 
these buds were dwarfed and curled, and 
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the surface was sometimes pebbled. The 
treatment failed to induce tumor forma- 
tion, nor was the development of roots 
reported. In regard to flowering, they re- 
ported that the numbers of flowers in 
treated bean plants were not appreciably 
fewer than those of controls. The total 
growth was increased and the flowering 
period prolonged. 

TuMANOV and LIzaANnpR (10) found dis- 
tinct variation in the sensitivity to the 
acid of the six different kinds of plants 
with which they experimented, Medicago 
sativa being the most sensitive. More- 
over, the response to treatment varied 
with the photoperiod. Vegetative plants 
of alfalfa grown on short day showed 
modification of organs in the growing 
points. Alfalfa grown under long photo- 
period and treated just before flowering 
gave an increased seed yield. Experi- 
ments by GALSTON (3), designed to de- 
termine the effect of this substance on 
flowering in soybean, also indicated dif- 
ferent responses in growth according to 
the photoperiod. Soybeans photoperiodi- 
cally maintained in a vegetative condi- 
tion showed modification of organs and 
abscission of buds but no induction of 
flowers following treatment with the 
compound. Plants in which flowering had 
been photoperiodically induced, however, 
showed a significantly increased number 
of flower buds after treatment with this 
substance. GALSTON concluded that 
2,3,5-triiodobenzoic acid possesses anti- 
auxinic activity of some sort but does not 
possess florigenic properties. He dis- 
cussed a possible functional association 
of hormones in which auxin promotes 
general vegetative growth and counter- 
acts florigen which favors flowering. On 
this basis lowered auxin levels following 
treatment with the anti-auxinic 2,3,5- 
triiodobenzoic acid would favor flowering 
of photoinduced soybeans but would not 
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induce flowering in the vegetative con- 
dition. 

It is evident that the character of re- 
sponse resulting from treatment with 
2,3,5-triiodobenzoic acid differs from 
those to other growth-regulating sub- 
stances already reported in the series 
(5, 11) of experiments on the bean plant, 
Phaseolus vulgaris var. Red Kidney. The 
lack of cell elongation and the absence of 
adventitious roots and tumor formation 
as responses to 2,3,5-triiodobenzoic acid 
separate it from such substances as in- 
doleacetic and naphthaleneacetic acids 
and the substituted phenoxy compounds, 
although both 2,3,5-triiodobenzoic acid 
and the phenoxy compounds induce for- 
mative or telemorphic activity. The pres- 
ent paper reports (1) a series of general 
observations on the growth and flowering 
habits of the bean as modified by treat- 
ment with 2,3,5-triiodobenzoic acid and 
(2) the results of a histological study 
made to determine the tissues and areas 
affected by the acid and the nature of the 
anatomical changes which underlie the 
larger morphological modifications. 


Methods 

DECAPITATION AND RINGING.—Plants 
of Red Kidney bean were grown in the 
greenhouse in the spring of 1947. Young 
plants, selected for uniformity, were 
treated when the first trifoliate leaf was 
expanding and the second trifoliate was 
unfolding from the bud. 2,3,5-Triiodo- 
benzoic acid mixed in a 2% concentra- 
tion in lanolin was applied in two differ- 
ent ways. In one lot the plants were de- 
capitated by severing the second inter- 
node in the same manner used in earlier 
experiments with the bean (5). The lano- 
lin paste containing the growth-regula- 
tor was applied immediately over the cut 
surface. Similarly, decapitated control 
plants received an application of lanolin 
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alone. The remaining plants were not 
decapitated. Instead, the 2,3,5-triiodo- 
benzoic acid—lanolin mixture was applied 
with a glass rod in a narrow band ringing 
the middle of the second internode. Con- 
trol plants received a similar application 
of lanolin only. Observations and collec- 
tions of material for histological exami- 
nation were made over a period of 30 
days. Material fixed in Navashin’s fluid 
was imbedded by the butyl alcohol 
paraffin method. Sections cut at 12 or 
15 w were stained with a modified triple 
stain. 

SPRAYING.—In addition to the experi- 
ments in the greenhouse, plants were 
grown in the garden during the summer 
of 1947. They were sprayed with 1.0, 
0.5, and 0.1% concentrations of the am- 
monium salt of 2,3,5-triiodobenzoic acid 
in water. The ammonium salt is more 
soluble in water than the acid. It was 
prepared by allowing ammonium hy- 
droxide to react with the acid in proper 
quantities to make up the 1% concen- 
tration in water. The other two concen- 
trations were prepared by dilution. All 
three solutions were used as aqueous 
sprays. In addition, three emulsion 
sprays were used. The base mixture of 
the commercial ‘‘Weed-No-More” was 
added in 1% concentration to the re- 
spective concentrations of the aqueous 
solutions. This base mixture contained 
no growth-regulator and was used as an 
emulsifier and a wetting agent. The se- 
lected spray was applied over the whole 
plant with a DeVilbiss atomizer. Wet- 
ness without running or accumulation of 
the spray in drops was considered desir- 
able coverage. 

One half of the planting received the 
aqueous sprays, the other half the emul- 
sion sprays. In each half, four plots were 
established. Three plots received the 
three different concentrations (1.0, 0.5, 
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0.1%) of the ammonium salt, respective- 
ly, and the fourth, as a control plot, re- 
ceived either a spray of water or an emul- 
sion spray of water containing 1% of the 
base mixture. Each plot consisted of two 
rows of plants. One row in each plot was 
sprayed 13 days after planting when the 
plants were in a stage similar to that of 
the plants treated in the greenhouse. This 
treatment will be referred to as the 
“young stage.” Plants of the second row 
were treated 27 days after planting when 
flower buds were becoming evident. This 
will be known as the “‘old stage.” All 
plants were observed for gross effects on 
the vegetative and flowering habits. Col- 
lections of material for various measure- 
ments were made over a period of 3 
months. During this period of observa- 
tion several weeks of unusually dry and 
hot weather presented rather unfavor- 
able growing conditions, although this 
was not serious enough to cause actual 
injury in the control plants. 


Results 


GROSS EFFECTS 


In the present experiments response 
to 2,3,5-triiodobenzoic acid by decapi- 
tated plants was relatively limited. Simi- 
lar localization of response by decapi- 
tated plants has been observed with 
other growth-regulating substances. Re- 
sponses to ringing and spraying with 
2,3,5-triiodobenzoic acid were telemor- 
phic and occurred over large portions of 
the treated plant.’ The telemorphic ef- 
fects were similar in both treatments and 
appeared to be distinctive for this sub- 
stance. 

DECAPITATION.—Discoloration was 
the earliest evidence of change in the de- 
capitated stem tips. During the first 3 

‘In this report the term “treated” refers to 


treatment with 2,3,5-triiodobenzoic acid irrespec- 
tive of the method of application. 
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days after application the cut surface of 
control stem tips paled or became slight- 
ly brown. Further development was 
limited, and enlargement occurred in 
only a few stems. In plants treated with 
the growth-regulator the cut surface 
darkened to a characteristic rusty-red 
color. Below the treated surface and 
downward for o.5 mm. or more the stem 
color changed to a light green. By the 
fourth or fifth day slight enlargement be- 
came evident in some of the treated 
stems and continued through the eighth 
and ninth days. At this time most of 
these stem tips showed some degree of 
tumor formation. The tumors were shal- 
low and generally small, although they 
varied considerably in size. Enlargement 
was greatest just below the cut surface 
and downward along the ridges of the 
vascular bundles. Frequently these ridges 
also showed the characteristic rusty-red 
color. The tumors continued to growslow- 
ly. By the thirtieth day they appeared 
to reach a relatively inactive condition 
but were still firm and green. In none of 
the tumors were there protuberances in- 
dicative of root formation. Throughout 
the experiment the tumors were insig- 
nificant in size and in no way comparable 
in appearance with the tumors induced 
by indoleacetic or 2,4-dichlorophenoxy- 
acetic acids (5, 8). 

In addition to response at the decapi- 
tated tips, slight and delayed effects of 
treatment were observed in the develop- 
ment of buds in the axils of the simple 
leaves. In both treated and control 
plants, growth was redirected into these 
buds following decapitation. By the 
ninth day the first trifoliate leaf on the 
axillary shoot was considerably expanded 
and the young leaflets of the second tri- 
foliate leaf were lengthening. In some 
treated plants these“ young leaflets 
showed epinasty with the tips of the 
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blades markedly curled downward. This 
response to treatment was of short dura- 
tion, and further growth was similar in 
control and treated plants. 

RINGING.—In contrast to the local ef- 
fects induced by 2,3,5-triiodobenzoic 
acid in decapitated plants, application of 
the growth-regulator by ringing the 
second internode resulted mainly in tele- 
morphic effects. Response at the point 
of application consisted of streaking or 
burning in that portion of the internode 
covered by the lanolin containing the 
growth-regulator. The streaks occurred 
principally along the ridges over the vas- 
cular bundles. The discoloration was the 
rusty red already noted as a characteris- 
tic response to 2,3,5-triiodobenzoic acid 
treatment. These streaks appeared by the 
third or fourth day and were present to 
the end of the period of observation. No 
swelling or tumor formation was ap- 
parent. In a few plants a slight bending 
of the stem occurred at the level of 
ringing. 

Telemorphic effects occurred first in 
the leaves of the treated plants and were 
evident by the third day after ringing. 
The degree of response appeared to be 
closely related to the maturity of the 
leaf at the time of application. Fully ex- 
panded leaves (the heart-shaped, simple 
leaves and the first trifoliate leaf) showed 
little or no response. Partially expand- 
ed leaves (the second trifoliate in many 
of the plants) showed downward curva- 
ture of the tips of the leaflets. The lateral 
margins of the blades rolled inward, and 
frequently the surface became pebbled. 
Slightly expanded leaves, scarcely more 
than 1 cm. long at the time of ringing (in 
some plants the third trifoliate leaf and 
in others the second), displayed marked 
epinasty of the blade tips by 3 days. At 
the same time a silvered hairiness readily 
distinguished these leaves from those of 
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similar size in the control plants. Very 
young, unexpanded leaves (folded in the 
bud at the time of ringing) began to show 
epinasty and hairiness by the seventh 
day and were considerably dwarfed as 
compared with the controls. 

The fate of the leaves varied with the 
intensity of response. Those only slightly 
affected appeared to outgrow the epinas- 
tic and retarding effects of the acid. 
Leaves which were somewhat more af- 
fected remained green but were dwarfed 
in size and continued to show epinasty. 
The more seriously modified leaves, such 
as the young ones near the bud, did not 
recover. By the sixth day they were a dull 
green in color and appeared to be wilted. 
On the seventh day some of the leaflet 
blades (see fig. 3B), or even the whole 
leaf, fell from the plant at the slightest 
touch. Abscission of other affected leaf- 
lets occurred the following days (cf. 
fig. 3C). 

That 2,3,5-triiodobenzoic acid has a 
distinctive effect on young tissues is 
again demonstrated by the severe re- 
sponse exhibited in the buds. This effect 
was first noticeable in the terminal bud 
3 or 4 days after ringing. Growth of the 
stem just below the bud was checked 
both in the elongation of internodes and 
in the increase in stem diameter. By the 
sixth day definite injury was indicated 
by discoloration of the terminal growth. 
There was a sharp demarcation of this 
color change in one of the partially 
elongated internodes a short distance be- 
low the bud. The color intensified and 
darkened to a brownish green during the 
next several days. At the same time the 
young leaves attached to this portion of 
the stem were collapsing and even ab- 
scising. On the ninth day or shortly 
thereafter the whole terminal bud ab- 
scised, often carrying with it the third 
and fourth trifoliate leaves. Among the 
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plants observed in detail in the green- 
house, this abscission of the main axis 
occurred most frequently in the fourth 
internode (see fig. 9B) but was also com- 
mon in the third and fifth internodes. In 
a few plants less severely affected, ter- 
minal buds recovered, although later 
growth was dwarfed. 

Stimulation of axillary growth was as- 
sociated with the loss of apical domi- 
nance in treated plants. Under ordinary 
conditions of growth, however, the bush- 
bean also shows considerable develop- 
ment of axillary structures, especially 
from the upper nodes—the fourth, fifth, 
and sixth. The buds at these nodes fre- 
quently develop as strong vegetative 
shoots which may form a major portion 
of the top growth in older plants. In ad- 
dition to the axillary bud in any given 
axil, one or two accessory buds may de- 
velop (fig. 104). These are commonly 
floral buds. Ordinarily the greatest 
growth of the lateral shoots follows ter- 
mination of growth in the main axis by 
formation of a flower cluster, a charac- 
teristic occurrence above the seventh 
node. This pattern of termination in a 
flower cluster also occurs in the axillary 
shoots. 

Treatment with 2,3,5-triiodobenzoic 
acid greatly modified this normal pattern 
of growth. By the fifth day development 
of axillary structures definitely exceeded 
that of control plants. At this time the 
loss of apical dominance in the treated 
plants was evidenced by the stem dis- 
coloration below the bud. In treated 
plants axillary shoots developed at the 
second, third, and fourth nodes. The 
shoots in the axils of the pair of simple 
leaves at the second node were frequent- 
ly the most vigorous and later formed the 
major portion of the plant. The second 
node was below the level of ringing. In 
comparable control plants axillary buds 
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were present but undeveloped at these 
lower nodes. 

The telemorphic effects of the growth- 
regulator observed in the terminal bud 
developed also in the axillary buds. By 
the seventh day on some of the axillary 
shoots at the second node, the first tri- 
foliate leaves were epinastic; second tri- 
foliates showed similar modification a 
few days later. Axillary buds at the third 
and fourth nodes were also strongly af- 
fected, often forming rosettes of small, 
epinastic, silver-haired leaves. In some 
plants abscission of axillary shoots com- 
menced on the twelfth day. Loss of the 
main axillary growth at the third node 
nearly always occurred (fig. 10), and 
abscission of one of the shoots at the 
second node was frequent. Characteris- 
tically, abscission varied from plant to 
plant. 

In addition to these modifications of 
vegetative growth, flowering of the 
treated plants considerably preceded 
that of the controls. This may be ex- 
plained in part by the direction of growth 
from the vegetatively vigorous main axis 
of the controls to the shorter-lived and 
earlier-flowering axillary shoots of the 
treated plants. The morphological dis- 
tribution and development of flower buds 
appeared, however, to be the same in 
both groups of plants. Because of the 
considerable modification of vegetative 
growth in treated plants compared with 
control plants, it was difficult to deter- 
mine the proportionate production of 
pods in the two sets of plants. No readily 
appreciable difference was apparent. 

SPRAYING.—The application of the 
ammonium salt of 2,3,5-triiodobenzoic 
acid in a spray resulted in a response 
similar to but much more intense than 
that exhibited in the ringing experiments. 
In the garden the substance was applied 
over significantly larger areas of the 
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plant, especially in those older plants 
grown for 27 days before spraying. Un- 
doubtedly the actual total dosage per 
plant was also greater than that applied 
by ringing. Generally, the emulsion 
sprays (figs. 2D, 3B) induced stronger re- 
sponses than the corresponding aqueous 
sprays (fig. 1C). Of the three concentra- 
tions, the 1.0% spray (fig. 2D) resulted 
in markedly stronger telemorphic effects 
than did the 0.1% spray (fig. 2C). Re- 
sponse to the 0.5% concentration of the 
ammonium salt was intermediate and 
difficult to distinguish from either the 
lower or the higher concentration. Ac- 
cordingly, discussion will be confined in 
general to the highest and lowest concen- 
trations. 

At the end of 24 hours after spraying, 
rusty spots were apparent on the leaves 
in both the young and the old plants. 
These contact burns were the same color 
as that which developed over the surface 
of application in the decapitated and 
ringed second internodes in the green- 
house experiments. The discolored areas 
increased slightly for several days but 
appeared to have little ultimate effect on 
the growth of the plant. The degree of 
burning was greater with the emulsion 
sprays, with the higher concentrations, 
and in the young stage. Control plants 
showed no significant effects from spray- 
ing either with water or with the emul- 
sion of water and the base mixture. 

The epinastic response of leaves (fig. 
3A) was more striking in the sprayed 
plants than in those to which the growth- 
regulator was applied by ringing. Epinas- 
ty of leaflet blades was evident within 
24 hours after spraying and grew pro- 
gressively more severe for several days. 
By the third day many of the leaflets 
with inrolled edges and puckered surfaces 
exhibited as many as two spiral turns in 
the curled blades. The range in size of the 
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leaves which responded and the degree 
of response were also greater in the 
sprayed plants. The oldest leaves, such 
as the simple and the lower trifoliate 
leaves in the old stage of treatment, 
tended to show but little effect. During 
the first days after spraying, slight epi- 
nasty at the tip of the blades might ap- 
pear in some of these trifoliates, but by 
the sixth day the effect was outgrown 
and the leaf resumed its usual appear- 
ance. Less mature leaves in which the 
length of the blade ranged from approxi- 
mately 1 to 4 cm. showed the greatest re- 
sponse in rolling and curling of the 
blades. Expansion of these leaves was 
also severely checked. Still younger 
leaves associated with the buds were 
similarly dwarfed, appeared conspicu- 
ously hairy, and exhibited a marked 
epinastic curling of the tips of the blades. 
These responses resulted in rosettes of 
small, curled, silvery leaves about each 
growing point along the stem. 
Abscission of leaves and buds was the 
dominant characteristic of response to 
the spray treatment. Among the leaves, 
those which were most severely affected 
were the first to abscise. By the third day 
many of the strongly curled leaflets fell 
from the plant at the slightest disturb- 
ance. Later, progressively more leaf ab- 
scission took place. By the tenth day 
after spraying, especially in the old stage, 
this was happening down the length of 
the stem, both to old leaves on the main 
axis and to younger leaves of the axillary 
shoot (fig. 2D). Although abscission of 
leaf blades occurs commonly in the bean, 
it is generally in later stages of maturity 
of the plant and only of the older leaves. 
Even more significant than the re- 
sponse in the leaves was the abscission of 
buds. The sequence of response appeared 
to be similar to that observed in the 
greenhouse. Checking of terminal growth 
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was evident by the sixth day and was 
clearly expressed in the formation of 
rosettes of dwarfed leaves at the growing 
points. Dulling of the green color and 
wilting of the dwarfed shoots accom- 
panied suppression of growth. These re- 
sponses terminated in abscission. By the 
tenth day after spraying, abscission of 
the terminal bud had occurred in many 
of the plants treated in the young stage 
and was even more frequent in plants of 
the old stage (table 1). 

The continued and progressive action 
of 2,3,5-triiodobenzoic acid on the grow- 
ing points of the plant was again exhib- 
ited in this experiment. By the tenth day 
some abscission of axillary buds had 
taken place in the plants treated in the 
young stage, and by the fifteenth day this 
loss of axillary buds was pronounced. In 
plants of the old stage axillary growth 
was more advanced at the time of treat- 
ment. Response in these growths oc- 
curred rapidly so that, by the tenth day 
after spraying, a large number of axillary 
buds or shoots had abscised. The physi- 
ological action of the growth-regulator 
persisted and was evident in the response 
of the accessory buds which developed 
after the formation of the main axillary 
shoot. These buds were dwarfed in their 
development and were successively ab- 
scised (table 2; compare results at 40 and 
84 days after planting). In many plants 
this recurring abscission ultimately re- 
sulted in a main axis denuded generally 
of leaves and lateral shoots at the upper 
nodes (figs. 1C, 2C, D, and 3C). Further 
growth in the denuded plant was directed 
to shoots at the second node or to buds 
formed in the axils of the cotyledons at 
the first node. Growth at the first node 
was more common than at the second 
from which buds had frequently abscised. 
Shoots from these nodes then composed 
the whole top growth of the plant (figs. 
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1B, 2C). Generally, these shoots were 
limited in extent of growth and often 
tt. 
2D). In control plants buds at the second 
node were present but developed only in 
late stages of maturity, if at all. Forma- 
tion of a significant part of a control 


continued to show dwarfing (figs. 
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plant from buds at the cotyledonary node 
was uncommon. 

As a result of successive abscissions, 
the average total growth of treated 
plants (figs. 1B, C, 2) was much less than 
that of untreated control plants (fig. 14). 
The severity of reduction in growth 





FIG. 1 


A, Red Kidney bean, 77 days after planting, showing development of mature control plant. 


Note size of plant, well-developed leaves and pods, small shoot at first node, pair of shoots at second node, 
other large shoots at upper nodes. B, C, 84 days after planting, plants treated with 1% aqueous spray of 


25335 
planting). 


tag 
stage 


triiodobenzoic acid. B, young stage (treated 13 days after planting); C, old stage (treated 27 days after 
Lateral shoots ondy at lower nodes, and upper axes denuded; greater dwarfing of plant in old 
Figs. 1 and 2, plants grown in garden and transferred to pots; all pictures same magnification.) 
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varied according to the treatment given 
(table 3). In general, the highest concen- 
tration affected growth more unfavora- 
bly than the lowest concentration (fig. 2, 
Band A, D and C). The emulsion sprays 
resulted in greater reduction in growth 
than the corresponding aqueous sprays 
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(figs. 1C and 2D). Growth from the 
lower nodes was greater after treatment 
in the young stage than in the old (fig. 
2, A and C, B and D). In the severest 
treatment (1.0% emulsion spray, old 
stage) some plants did not survive to the 


end of the period of observation. In the 








FIG 
0.1%, B, 1.06 
old stage, = 


Plants treated with various concentrations of emulsion sprays of 2,3,5-triiodobenzoic acid. A, 
0, both young stage, 64 days after spraying; C, 0.1%, old stage, 49 days after spraying; D, 1.0% 
7 days after spraying. Upper nodes showing stumps of abscised axillary and acc 


ry shoots 


More severe effect with old stage and 1.0% concentration; in C note major growth of plant at first node. 
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Fic. 3.—Plants treated with emulsion sprays of 2,3,5-triiodobenzoic acid, old stage. A, 1.0%, 14 days 
after spraying. Simple leaves showing no effect; slight epinasty in older trifoliate leaves; young leaves 
iwarfed, severely curled, and with pebbled surfaces. B, 1.0%, C, 0.5%, both 49 days after spraying. Dwarfed 
growth at lower nodes; at upper nodes abscission of leaflet blades in B and of whole leaves in C. 
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treatment resulting in least reduction 
(0.1% aqueous spray, young stage) a 
number of plants showed recovery of the 
terminal bud and abscission of only a few 
lateral buds. ; 
Flowering and the formation and matu- 
ration of pods occurred in all treatments 
2). No appreciable differences 
were noted between the young stage in 
which floral buds were undifferentiated 
at the time of spraying and the old stage 
in which floral buds were present. The 
morphological distribution and form of 
the flowers and fruit appeared to be un- 
affected. In many plants on which a 
profusion of axillary and accessory 
shoots had developed at lower nodes as 
a consequence of treatment, the period 
of flowering was prolonged, and the num- 
ber of flowers and young fruits was 
markedly greater than in control plants. 
Abscission of these flowers and young 
pods was frequent, although a few pods 


(figs. 1, 


persisted to maturity. A comparison of 
fresh weights of plants and pods (table 3) 
suggests that the primary effect of treat- 
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ment was on vegetative structures. Mod- 
ification of the vegetative habit in turn 
influenced flowering and fruiting: severe 
reduction in growth significantly reduced 


TABLE 1 


PERCENTAGE OF BEAN PLANTS SHOWING ABSCIS 
SION OF TERMINAL BUD 10 DAYS AFTER 
TREATMENT WITH SPRAYS OF AMMONIUM 
SALT OF 2,3,5-TRIIODOBENZOIC ACID* 


Young stage Old stage 


Concentra 


z : (23 days (37 days 
Spray tion 
after plant after plant 
(% jf 2 
ing) ing) 
. : 1.0 7 & 
Emulsion. 47 9 
0.1 76 35 
r 1.0 54 03 
Water as aa 8 


* Analysis based on twenty or more plants per treatment 


pod production; less severe effects re- 
sulted in less appreciable differences in 
pod production. The high degree of mod- 
ification of the vegetative growth, how- 
ever, presented such serious difficulties 
in interpretation of the flowering habit 
that observations are inconclusive. 


TABLE 2 
ABSCISSION OF LATERAL BUDS OR SHOOTS IN BEAN PLANTS TREATED WITH 
EMULSION (E) AND AQUEOUS (W) SPRAYS OF AMMONIUM SALT OF 
2,3,5-TRIIODOBENZOIC ACID* 


A=developing axillary bud or shoot 
a=developing accessory bud or shoot 


40 DAYS AFTER PLANTING 


O=abscised axillary bud or shoot 
o=abscised accessory bud or shoot 


54 DAYS AFTER PLANTING 








NoDES 
Tv: a Young stage Old stage 
OLA) oar 27 days after (13 days after 
; AXIS spraying) spraying) 
1.0% Ej|o.1 W 1.0% E/o.1.%W 
rifoliates 10 Aa 
rs) Oa Oa 
8 Oa aOa 
7 Oa aOa 
6 | aOa Oa 
5 | | A aOa 
aOa | aAa | A aOa 
aOa aAa J aOa 
simple 2 aOaaOa | aOa Aa | aOQaaOa | aOaaOa 
Cotyledons I A O A A A A A A 


Young stage 
(71 days after 
spraying) 


Old stage 
(57 days after 
spraying) 


Control Control 
10% E 01% W 1.0% E }o.1°% W 
Aa 
Aa 
Aa oO oO 
Aa O oA 
aAa O 000 aAa 
A 000 000 aO 
A 000 Oa 00 Oo Aa 
aAa 000 aO Oo 00a oAa 
AA oOo0000 | aAoaAo | oOoaOo | aQoaQa OoAo 
A A oO O A 


* Analysis based on representative plant for each group; variation from plant to plant to be expected 
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HISTOLOGICAL RESPONSES 

DECAPITATION.—The initial effect of 
application of 2,3,5-triiodobenzoic acid 
in lanolin to the decapitated second in- 
ternode was killing at the cut surface. 
Necrosis was observed across all tissues 
immediately at the surface and down- 
ward along the epidermis and into the 
cortex at points where the lanolin paste 
was apparently in contact with the ex- 
terior of the stem. Deeper penetration of 
the killing effect occurred for several days 
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killing effects at the uppermost levels. 
Cells of the inner cortical parenchyma 
began to proliferate after initiation of 
activity in the endodermis. At first only 
those cells adjacent to the endodermis 
responded with one or two divisions 
(fig. 6B). In later stages and at the up- 
permost levels, however, more of the 
outer cells became active, and divisions 
were more numerous (figs. 5B, 7B). 
Proliferation of endodermal cells was 
the first readily noted histological re- 


TABLE 3 


\VERAGE* FRESH WEIGHTS OF SHOOTS AND PODS OF BEAN PLANTS, 


79 DAYS AFTER 


PLANTING, TREATED WITH SPRAYS OF AMMONIUM SALT OF 
2,3,5-TRIIODOBENZOIC ACID 


WEIGHT OF WHOLE SHOOTT 


WEIGHT OF PODS PER 


x PER PLANT (GM.) PLANT (GM.) 
Conc. OF 
PLANTS ; 

SPRAY (' o) 
Emulsion Water Emulsion Water 
Young stage (66 days 1.0 at.7 31.5 4.5 13.0 
after spraying) 0.1 22.3 62.9 11.3 24.5 
Control 65.3 62.2 23.8 23.2 
Old stage (52 days 1.0 18.8 38.0 7 bea 
after spraying) O.1 23.1 st eer 6.3 24.5 
Control 82.3 71.6 49.8 28.2 


* Averages based on ten plants per treatment. 


after application. Downward extensions 
in the pericycle, the secondary phloem, 
xylem elements, and in the pith were 
noted. The killed tissues stained dark 
red, and those at the surface collapsed. 
Tissues below the level of killing began 
to proliferate rather slowly as compared 
with the response to many other growth- 
regulating substances. A variability in 
rate of response was encountered in all 
collections and correlated with gross ob- 
servations already noted. The pattern of 
proliferation within the various tissues, 
however, seemed to be consistent. 

In the epidermis little or no response 
to treatment was noted apart from the 


t Roots removed at ground line 


sponse to treatment (fig. 44). By the 
third day initial divisions were evident 
in the endodermis in some stems, while 
in other stems no proliferation was as 
yet apparent. Within the next few days 
proliferation became well established, 
although the rate varied considerably 
from stem to stem and even within the 
sectors of a stem. The band of deriva- 
tives frequently retained the pattern of 
rows resulting from successive tangential 
divisions (figs. 5B, 6B). In areas of great- 
er activity, however, this order was lost 
(fig. 7B). Maturation of wound tracheids 
commenced among the inner endodermal 
derivatives as early as 7 days after de- 
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capitation. As continued 
(figs. 5B, 7B), of these short 
tracheids were differentiated in groups 
or sometimes in strands which merged 
with similar structures in the rays. As 
late as 25 days after application, organi- 
zation of the tracheids into clearly de- 
fined vascular bundles was not evident, 
although some of the derivatives of the 
endodermis were still active. Maximum 
proliferation (fig. 7B) occurred about the 
1mm. level below the cut surface. Down- 
ward the band of derivatives quickly 
narrowed (fig. 8A) so that between 2 and 
;mm. the single-layered endodermis was 
present (fig. 8B). 

The pericycle (fig. 5A) was more sub- 
ject to the killing effects of the growth- 
regulator than most of the other tissues, 
except perhaps the pith. At the cut sur- 
face and down 1 mm. or more, these 
elongated cells showed the dark-red color 
indicative of killing. At lower levels the 
cells remained inactive and were fre- 
quently displaced by proliferation of ad- 
jacent tissues. 

Phloem parenchyma, both primary 
and secondary, became active somewhat 
later than the endodermis. Proliferation 
was initiated about the fifth day and was 
well advanced by the seventh (fig. 6B). 
Divisions were in various planes so that 
no distinctive organization of deriva- 
tives developed (fig. 4B). Maturation 
was similar to that in the endodermis. 
Wound tracheids were formed in patches 
and strands (figs. 5B, 7B). Meanwhile, 
other derivatives continued to prolifer- 
ate, often crushing the sieve tubes and 
companion cells which apparently re- 
mained inactive. These inactive ele- 
ments, like the pericyclic cells, often ex- 
hibited traces of the downward killing 
eflect. 

Probably the earliest response oc- 
curred in the cambium. By the fifth day 
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cambial activity had resulted in a wide 
band undifferentiated derivatives. 
Maturation commenced with the differ- 
entiation of the innermost derivatives 
as secondary tracheids (fig. 6A). In some 
stems this began as early as the fifth day. 
The band of tracheids, intermingled with 
parenchymatous cells, continued to wid- 
en for several days. Maximum prolifera- 
tion was about 1 mm. below the cut sur- 
face. At successively lower levels, the 
degree of cambial proliferation gradually 
decreased. At levels below any apparent 
response, the formation of the usual sec- 
ondary xylem tracheids or fibers had 
scarcely begun (fig. 8B). Lignified xylem 
elements were unresponsive. During the 
first week after application xylem paren- 
chyma cells possessed markedly dense 
contents. By the seventh day divisions 
commenced in some of these parenchym- 
atous cells. Proliferation continued and 
resulted in a mass of small cells about the 
vessels (figs. 6B, 7B). This development 
was observed only at the uppermost 
levels. 

In the rays proliferation in the outer 
portion was similar to that in the phloem 
or endodermis. Likewise tracheids were 
matured (fig. 7A), often as strands con- 
necting tracheids in the endodermis with 
those derived from the cambium. In the 
inner portion of the ray some of the pa- 
renchyma cells adjacent to the xylem 
underwent a few divisions, commencing 
about the twelfth day. The pith was in- 
active and showed the deepest general 
penetration of the killing effects of 
2,3,5-triiodobenzoic acid. 

RinciInc.—In the ringing experiment 
histological response at the point of ap- 
plication consisted of contact killing 
similar to that observed at the cut sur- 
face in decapitation. Injury of the tissues 
occurred most commonly along the 
ridges over the large vascular bundles of 
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Fic. 4.—Longisections of decapitated stems treated with 2% 2,3,5-triiodobenzoic acid in lanolin. A, § 
days after application. Killing of tissues at cut surface with traces of killing downward in pericycle (p¢), 
phloem (ph), and pith; early proliferation in endodermis (e) and in cambial zone (ca). B, 12 days. Marked 
proliferation in phloem and continued activity in endodermis and cambial zone. 
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Fic. 5.—Longisections of tumor, 25 days after application. A, killed tissues at surface disintegrating; 


major proliferation approximately 1 mm. below cut surface; cortical parenchyma active at uppermost 


evels. B, detail of A. Proliferation greatest in endodermis, phloem, and cambial zone; maturation of many 


tracheids (¢r) in proliferated tissues; outer cortical parenchyma and pericycle inactive. 
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Fic. 6.—Transections of tumors approximately 1 mm. below cut surface. A, 5 days. Early proliferation in lifer - 
Tach 


endodermis (en) and outer portion of ray (ra); initial activity in phloem; maturation of tracheids from 
cambial derivatives. B, 7 days. Proliferation in endodermis and phloem well established; band of tracheias 
matured from cambial derivatives; proliferation of xylem parenchyma. 
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Fic. 7.—Transections of tumors approximately 0.5 mm. below cut surface. A, 12 days. Continued matura 
lion; strands of tracheids (¢r) matured in rays and connecting endodermal tracheids with xylem tracheids 
B, 25 days. Proliferated tissues matured except for small areas of continued activity. Note extent of pro 
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Fic. 8.—A, B, transections of same tumor as fig. 7B. Traces of proliferation 1.5 mm. (A) and no ap- 
parent response at 3 mm. (B). C, transection of second internode at level of ringing with 2% 2,3,5-triiodo- 
benzoic acid in lanolin, 15 days after application. Killing of outer tissues over large vascular bundles. Note 
amount of secondary tissues derived from cambium. 
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the stem (fig. 8C). Cells lying in the area 
extending from the epidermis to the outer 
portions of the phloem exhibited the 
dark-red color characteristic of killed 
cells. Proliferation in these tissues was 
not characteristic, although increased ac- 
tivity of the cambium might occur. 

In addition to observations in the area 
of ringing, histological examinations were 
made of structures exhibiting telemor- 
phic responses. Although no collec- 
tions were made of the plants sprayed in 
the garden, gross responses were so simi- 
lar to those observed in the greenhouse 
ringing experiment that essentially the 
same anatomical changes probably oc- 
curred in both experiments. 

Of the telemorphic responses induced 
in treated plants, the loss of plant parts 
was the most significant. Histological 
study of a series of stem tips of plants 
treated in the ringing experiment dis- 
closed that the loss of buds and leaves 
was consequent to a well-defined abscis- 
sion process. Furthermore, several ab- 
scission layers might be induced in one 
stem (fig. gA, B). Abscission layers were 
found generally at midlevel in the young 
internodes immediately below the ter- 
minal bud..In the young plants treated 
in this experiment these were the third, 
fourth, and fifth internodes. In some 
plants abscission layers were found in 
all three of these internodes (fig. 9A); in 
other plants only one or two layers were 
observed. The internode in each case ap- 
peared to be only partially elongated 
with the xylem matured to the extent of 
lignification of the primary elements. 
Similar abscission layers were observed 
in axillary stems (figs. 9B, 10). Leaf fall 
was likewise the result of separation in 
a definite abscission layer which was 
formed at the base of the petiole 
(fig. 9A). 

Abscission appeared to be of the type 
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commonly found in herbaceous plants 
(2) in which a simple separation layer 
is formed shortly before abscission. 
Changes in stem structure were noted by 
the sixth or seventh day after ringing. 
One or more layers of parenchymatous 
cells across the internode divided hori- 
zontally to form a band of cells flatter 
and smaller than those of adjoining areas 
and some eight or more cells deep (fig. 
11A). Cells in tissues below this separa- 
tion layer continued to enlarge, whereas 
growth in tissues above the layer ap- 
peared to be suppressed (fig. 11B). In 
the growing plant the dwarfing, discolor- 
ation, and wilting of the bud and associ- 
ated leaves were undoubtedly correlated 
with this development. Abscission oc- 
curred in the upper portion of the sepa- 
ration layer (fig. 12A), and final loss of 
the bud was readily brought about by 
any mechanical disturbance to the plant. 
In the greenhouse loss of terminal buds 
began as early as 9 days after treatment. 
Following abscission the outer cells of 
the remaining tissues became lignosuber- 
ized to form a protective layer (figs. 10, 
12B). 

Histological examination of leaves was 
limited. Suppression of growth was evi- 
dent in the closely aligned, small, rec- 
tangular cells of the mesophyll and in the 
absence of the characteristic intercellular 
spaces (fig. 13B, C). The epinastic curling 
response of the blade (fig. 134) was not 
the consequence of appreciable hyper- 
trophy of any given tissue. Loss of leaves 
followed the formation of abscission 
layers as already noted (fig. gA). 


Discussion 


In comparison with tumors induced 
by many other growth-regulating sub- 
stances, tumors formed in response to 
2,3,5-triiodobenzoic acid were relatively 
insignificant in size, and the degree and 
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Fic. 9.—Reconstructions in longisection of terminal portions of two stems. A, 7 days and B, g days after 
ringing second internode with 2% 2,3,5-triiodobenzoic acid in lanolin. Abscission layers formed at second 
a), third (6, 6:), and fourth (c) internodes of main axis; in axillary branch (e); at base of second trifoliate 
leaf (7). Terminal bud abscised in fourth internode (cx 
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I'1G. 1o.—Longisections at third node of main stem; plants treated by ringing. A, 12 days after ringing 
Section through axil showing abscised axillary shoot and two lateral, accessory buds. B, 18 days after ring 
ing. Section showing abscised axillary branch (center) in axil between first trifoliate leaf (/eft) and main 
stem (right). Main stem abscised in middle of third internode. 
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iG. 11.—Longisections showing early stages in abscission of axillary branch formed at third node. A, 7 


days after ringing. Initial cell divisions in development of separation layer across parenchymatous tissues of no 
stem. B, 9 days. Well-developed separation layer extending across stem. Enlargement of stem below layer de: 
and suppression of growth above layer indicated by differences in cell size. (Detail of abscission layer e 

in fig oB 
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ASF Fic. 12,—Longisections showing late stages in abscission. A, 12 days after ringing; section of third inter- 


ues of node. Abscission commencing in upper portion of separation layer. B, 18 days; section of axillary branch 
layer developed at third node. Abscission completed; outer cells forming lignosuberized protective layer. 
er ¢€ 
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Fic. 13.—Sections of young leaflet blades. A, entire blade from plant treated by ringing. B, detail of A 
osition s. C, detail of blade from control plant, section from position similar to s. Note epinastic response 


at p 
ins of A. Compare compactness and arrangement of cells and development of intercellular 


in rolled marg 
spaces in B and C. 
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elaboration of tissue proliferation were 
limited. The tissues which proliferated 
were the same as those which have re- 
sponded to other growth-regulators; 
however, the total pattern of develop- 
ment in these tumors differed from the 
pattern induced by other growth sub- 
stances and by wound response (11). Al- 
though application of both 2,3,5-triiodo- 
benzoic acid and 2,4-dichlorophenoxy- 
acetic acid result in telemorphic re- 
sponses, there was little resemblance be- 
tween tumors induced by the two sub- 
stances with the same _ experimental 
methods (8). Distinguishing characteris- 
tics of tumors induced by 2,3,5-triiodo- 
benzoic acid are: proliferation of the en- 
dodermis, the phloem parenchyma, and 
the cambium; maturation of many de- 
rivatives as tracheids; lack of organized 
vascular bundles in the proliferated tis- 
sues; and absence of root primordia. 
The abscission of leaves and buds fol- 
lowing the formation of a well-defined 
separation layer appears to be the sig- 
nificant telemorphic response to 2,3,5- 
triiodobenzoic acid. The significance of 
this response is emphasized by the per- 
sistence of the effect of the compound in 
inducing progressive abscission of newly 
formed buds and leaves. This ability to 
induce abscission contrasts sharply with 
the action of many other growth-regu- 
lating substances in delaying or inhibit- 
ing abscission. The widespread use of 
growth substances in preventing pre- 
harvest drop of apple and other fruits de- 
pends on this inhibiting action of naph- 
thaleneacetic acid, 2,4-dichlorophenoxy- 
acetic acid, and other substances. Histo- 
logical evidence of the inhibition of ab- 
scission by a growth-regulating sub- 
stance has been reported (1). Plants of 
Mirabilis jalapa decapitated in the first 
internode and given no further treatment 
showed cessation of growth in the inter- 
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node followed by abscission at a well- 
formed separation layer. Decapitated 
first internodes treated with 2% indole- 
acetic acid failed to abscise, and the ab- 
scission zone was altogether absent. 
Other investigators (4, 7, 9) have studied 
the effects of auxin, indoleacetic acid, 
and various other substances in delaying 
the abscission of leaves of Coleus. In each 
case the availability of a source of auxin 
or growth substance is associated with 
the delay in abscission. This suggests, 
conversely, that reduction in auxin levels 
may be associated with the induction of 
abscission. Inasmuch as anti-auxinic ac- 
tivity has been attributed to 2,3,5-tri- 
iodobenzoic acid (3), abscission appears 
to be a not unreasonable sequence to 
treatment with this substance. 

GALSTON (3) found indications of 
auxin aberrations and lowering of auxin 
levels at meristems in treated soybean 
plants. Likewise in the present experi- 
ments, the telemorphic responses oc- 
curred mainly at the growing points and 
in associated young organs. That trans- 
location of this substance to the buds 
may occur is supported by the work of 
Woop et al. (12). These investigators 
used a radioactive plant growth-regula- 
tor (2,iodo-3-nitrobenzoic acid) which in- 
duced responses similar to those elicited 
by 2,3,5-triiodobenzoic acid. Radioac- 
tivity measurements indicated that the 
major accumulation of the substance oc- 
curred in the terminal buds of treated 
bean plants. If the action of 2,3,5-triiodo- 
benzoic acid is mainly at points of ac- 
cumulation and results in lowered auxin 
levels and if auxin reduction is a factor in 
inducing abscission, then the abscission 
of buds and leaves in response to treat- 
ment with 2,3,5-triiodobenzoic acid is 
consistent. 

2,3,5-Lriiodobenzoic acid has aroused 
interest as. a growth-regulator because of 
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reported florigenic activity (14). Recent 
experiments have not presented conclu- 
sive results on this problem. GALSTON 
(3) considered that it did not possess 
florigenic properties in itself but might 
influence flowering because of its action 
on auxin levels. Differences in the char- 
acter of response according to the state 
of flowering at the time of treatment 
have also been reported (3, 10). In the 
present experiment, however, modifica- 
tion of the flowering habit appeared to 
be correlated with modification of the 
vegetative growth. No appreciable dif- 
ferences in the number of flowers and 
pods resulted from spraying the plants 
in two different stages of floral bud de- 
velopment. Likewise, there was no evi- 
dence of independent, florigenic action of 
2,3,5-triiodobenzoic acid in altering ei- 
ther the form or the distribution of the 
flowers of the bean plant. 


Summary 


1. Small tumors were formed at stem 
tips of Red Kidney bean plants decapi- 
tated in the second internode and treated 
with a 2% concentration of 2,3,5-triiodo- 
benzoic acid in lanolin. Proliferation oc- 
curred mainly in the endodermis, phloem 
parenchyma, and cambium. Many de- 
rivatives matured as tracheids. Neither 
vascularization of the tumor nor forma- 
tion of root primordia took place. 
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2. Telemorphic responses resulted from 
treatment with 2,3,5-triiodobenzoic acid 
in a 2% concentration in lanolin paste 
applied in a ring around the middle of the 
second internode of young plants. Simi- 
lar telemorphic responses followed ap- 
plication of the ammonium salt of this 
acid in a spray. Three concentrations of 
the salt (1.0, 0.5, and 0.1%) were used, 
each in an aqueous and in an emulsion 
spray. Plants were treated in a young 
and an old stage. 

3. The most significant telemorphic 
response was the abscission of leaves and 
buds following the formation of separa- 
tion layers induced by treatment. Per- 
sistence of the effect of the substance was 
evident in the progressive abscission of 
the new growth. Epinasty of leaves and 
dwarfing of growth also occurred. 

4. Apart from considerable modifica- 
tion of vegetative growth, treatment 
with 2,3,5-triiodobenzoic acid appeared 
to have no independent effect on floral 
morphology or distribution under condi- 
tions of the present experiments. 

5. The induction of abscission by this 
compound is discussed in relation to the 
role of auxin and the inhibition of abscis- 
sion by many plant growth-regulating 
substances. 
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RESPONSES OF CROP PLANTS TO O-ISOPROPYL 
N-PHENYL CARBAMATE! 


W. B. ENNIS, JR.” 


Introduction 

The effects of O-isopropyl N-phenyl 
carbamate upon several species of plants 
have been reported (1, 2, 3, 4; 5) 7) 8, 9). 
Although certain features of the external 
responses to its application in these few 
plants have been described, the published 
information is far from complete and 
little is known as to the symptomatic re- 
sponses of many other plant species to 
this substance. TEMPLEMAN and SEXTON 
(9) first observed an apparent differential 
response of cereals and certain dicoty- 
ledonous species following treatment 
with this compound and found that it 
was more effective in inhibiting cereal 
growth than were several other ure- 
thanes. They described the arrestment 
of growth and the development of a 
thickening of the basal region of oat 
plants. Charlock, on the other hand, 
seemed unaffected. ALLARD ef al. (2) de- 
scribed this same response in oats and 
also a characteristic dark blue-green 

‘Contribution from Camp Detrick, Frederick, 
Md. 


2 Agronomist. 


coloration of the leaves of cereal plants 
treated with this carbamate. They also 
reported that certain 
plants were not affected. 

CARLSON (3) found that the carbamate 
was effective in “destroying rhizomes of 
quack grass.’’ MITCHELL and MARTH (7) 
reported that it was active in preventing 
germination of Agropyron repens L. but 
that certain dicotyledonous plants were 
not affected by similar treatments. Tay- 
LOR (8) did not observe any influence 
of this substance upon dicotyledonous 
weeds and only a slight inhibitory effect 
on weedy grasses. ENNIS (5) outlined the 
gross responses of Avema and certain 
other species to this compound and de- 
scribed the cytological and histological 
reactions to it. From these various 
studies, it is obvious that the responses 
of plants to this substance are distinctly 
different from those induced by the 
halogen-substituted phenoxyacetic acid 
type of plant growth-regulator, typified 
by 2,4-dichlorophenoxyacetic acid. 


dicotyledonous 


In the present study the morphological] 
changes which plants undergo following 








474 


treatment with Q-isopropyl N-phenyl 
carbamate are more fully described with 
a view to aiding investigators concerned 
with such problems as those raised in 
studies of growth-regulating compounds 
for vegetational control. 

Avena for the 
major portion of this work, since, in gen- 
eral, its responses are fairly typical of 
those of the grasses, and because the 
writer has used this species in studying 
cyto-histological responses to this carba- 
mate. Many other species have been 
tested, and those which are responsive 


sativa L. was chosen 


to this compound will be considered. 


Experimentation 


RESPONSE OF GERMINATING SEEDS 
TO SOIL APPLICATIONS 

Germinating cereal plants have been 
observed to be very susceptible to soil 
applications of O-isopropyl N-phenyl 
carbamate (1). In view of the ease and 
rapidity with which plants can be tested 
by this method, over fifty species have 
been so tested at the germination stage. 
Immediately following planting, the com- 
pound, in 100 ml. aqueous solution, was 
applied to the soil in 3-gallon pots at a 
rate of 10 mg./1.7 kg. soil. The soil was a 
mixture consisting of two parts very fine 
sandy loam and one part peat by volume. 
Observations were made of the gross re- 
sponses of the plants as manifested in 
emergence, morphological changes, and 
subsequent growth (table 1). 

There were striking differential effects 
upon the emergence of various species. 
Some emerged from soil containing the 
carbamate without showing any obvious 
response; others failed to emerge. The 
effects were not limited to monocotyle- 
dons. Many dicotyledonous species were 
affected. i 

RESPONSES OF SOME MONOCOTYLE- 
DONOUS SPECIES.— The gross responses of 
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germinating cereals and grasses to this 
substance were very similar. Five days 
after application no emergence was noted 
in pots containing susceptible species 
(table 1). The more resistant gramineous 
species, such as corn, sudan grass, rice, 
sorghum, and millet, were retarded in 
emerging and had enlarged coleoptilar 
regions. All corn plants failed to develop 
further, whereas 30-50% of the total 
number of sorghum, sudan grass, millet, 
and rice plants grew slightly. The latter 
plants were greatly retarded, and their 
newly emerged leaf blades were about 
10-20% the width of those of untreated 
plants. The root systems of the treated 
plants were greatly stunted; no adven- 
titious roots had developed within 10 
days after treatment. The more suscep- 
tible species (oats, barley, rye, wheat, 
timothy, redtop, orchard grass, and rye 
grass) did not emerge above the soil sur- 
face. Macroscopic examination of the 
latter abnormal seedlings revealed that 
the shoot had burst through the seed 
coat and that the coleoptilar region had 
become greatly enlarged. The roots of the 
susceptible cereals were 4-3 inch long 
and were stubby and bulbous (fig. 1), 
whereas in the case of rye grass and timo- 
thy no roots were formed. Up to 3 weeks 
after treatment neither root nor shoot 
growth had been initiated from seed of 
redtop or orchard grass. 

RESPONSES OF SOME DICOTYLEDONOUS 
SPECIES.—Most of these species tested 
did not show obvious responses to appli- 
cation of this carbamate at the germina- 
tion stage (table 1). All the cucurbits 
tested, however, responded in varying 
degrees. Cucumber and watermelon bare- 
ly emerged from the soil, and their coty- 
ledons failed to expand. Such seedlings 
had short, thick hypocotyls and poorly 
developed root systems (fig. 2A). Pump- 
kin, squash, and gourd were slightly de- 
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APPLICATIONS TO SOIL AT PLANTING TIME AT RATE OF 


TABLE 1 


KG. SO 


10 MG./1.7 
IN 100 ML. AQUEOUS SOLUTION 


Scientific name Response Comme 


Chenopodiaceae 


Beta vulgaris L x 
Beta vulgaris var. cicla 1. x 


Compositae 


Cichorinm intybus L x 
Helianthus annuus L. x 


onvolvulaceae 


Ipomoea grandiflora rubro 


XXX Delayed in emerge 
coerube praecox ly stunted: dark 
L rucileraé 
Brassica Juncea Coss XX Shortened hypo 
Brassica napus L x? 
Brassica oleracea var. x 
botrytis L. 
Brassica oleracea var 
ca pitata L xX 
Brassica rapa i Xx 
Raphanus sativus L x 


Cucurbitaceae 


Citrullus vulgaris Schrad XXX Delayed in emerge 
ly inhibited at 

Cucumis sativus L XXX Delayed in emerge 
ly inhibited at 

Cucurbita maxima xx 7 

Duchesne ened hypocoty] 

Cucurbita pepo L. Xx Slight delay in emergence; 
ened hypocoty] 

Lagenaria vulgaris Ser. XX Some shortening « 

Euphorbiaceae 
Ricinus communis L. XX Delayed germini 


hypocoty] 


Plants delayed in germination and stunted but some subsequently recovered; xxx 
No emergence 
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Common name 


Red top 


Abyssinian oat 


Red oat 

Wild oat 

Oat 
Animated oat 
Sand oat 
Orchard grass 
Sorghum 


Sudan grass 
Barley 
Rye grass 


Rice 
Timothy 
Rye 
Millet 


Wheat 


Corn 


Peanut 
Lespedeza 


Alfalfa 


White sweet clover 


Bean 

Field pea 
Garden pea 
Soybean 
Alsike clover 
Ladino clover 
Broad bean 
Hairy vetch 
Cowpea 


Flax 


TABLE 1 


Scientific name 


Agrostis alba Auct. 

Avena abyssinica Hochst. 
Avena byzantina C. Koch. 
Avena fatua L. 

Avena sativa L. 

Avena sterilis L. 

Avena strigosa Schreb. 
Dactylis glomerata L. 
Holcus sorghum L. 


Holcus sudanensis Bailey 


Hordeum vulgare L. 
Lolium multiflorum Lam. 


| Oryza sativa L. 


Phleum pratense L. 


Secale cereale 1. 
Setaria italica Beauv. 


Triticum sativum Lam. 
Zea mays L. 


Arachis hypogaea L. 
Les pedeza striata Hook. & 
Arn. 
Medicago sativa L. 
Melilotus alba Desr. 
Phaseolus vulgaris L. 
Pisum arvense L. 
Pisum sativum L. 
Soja max Piper 
Trifolium hybridum L. 
Trifolium repens latum 
Vicia faba L. 
Vicia villosa Roth. 
Vigna sinensis Endl. 


Linum usitalissimum L. 


Continued 


Response’ 


Gramineae 





XX 


XXXX 


XXXX 


XX 


XXXX 


XXXX 
XX 


XXXX 
XXX 





Comments 


No seeds germinated 

Enlarged coleoptile, bulbous roots 

Enlarged coleoptile, bulbous roots 

Enlarged coleoptile, bulbous roots 

Enlarged coleoptile, bulbous roots 

Enlarged coleoptile, bulbous roots 

Enlarged coleoptile, bulbous roots 

No seeds germinated 

Delayed emergence; some perma- 
nent stunting, others recovered; 
hairlike leaves 

Delayed emergence; some perma- 
nent stunting, others recovered; 
hairlike leaves 

Enlarged coleoptile, bulbous roots 

No roots developed; bulbous cole- 
optiles 

Germination reduced; stunting 

No root development; bulbous 
coleoptile 

Enlarged coleoptile, bulbous roots 

Delayed emergence; some perma- 
nent stunting, others recovered; 
hairlike leaves 

Enlarged coleoptile, bulbous roots 

Reached plumule leaf stage; dark- 
green coloration 


Leguminosae 


~ 
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Linaceae 


XXXX 


Hypocoty] swollen and shortened 
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TABLE 1—Continued 


Common name Scientific name 


Cotton | Gossypium hirsutum L. 


Buckwheat | Fagopyrum esculentum 


Moench. 


Pepper Capsicum frutescens (L.) 
var. grossum Bailey 

Tomato Lycopersicon esculentum 
Mill. 

Tobacco Nicotiana tabacum L. 


Petunia Petunia violacea Lindl. 


Eggplant Solanum melongena (L.) 
var. esculentum Nees. 
Carrot Daucus carota (1..) var. 


sativa DC. 


layed in emerging and also had short, 
thick hypocotyls. They appeared stunted 
up to 2 weeks after treatment, but sub- 
sequently they fully recovered. 
Buckwheat and flax plants responded 
similarly to each other in that the seeds 
germinated and broke the surface of the 
soil, but the shoot failed to emerge. Ex- 
amination of the sprouted seedlings 
showed that the hypocotyl was much 
shortened and thickened. The root sys- 
tem was stunted, and the root tips were 
swollen. The cotyledons partially un- 
folded beneath the soil surface but failed 
to develop further (fig. 2B, C). 
Morning-glory plants were delayed in 
emergence, and the leaves appeared 
rugose and were inhibited in unfolding. 
These plants had swollen and shortened 


| Response* Comments 
Malvaceae 
x 
Polygonaceae 
XXXX Hypocoty] swollen and shortened 
Solanaceae 
XXX Reduction in stand; permanently 
inhibited at 2-leaf stage 
XXX Delayed emergence; permanently 
inhibited at 2-leaf stage 
XXX Reduction in stand; permanently 
inhibited at 2-leaf stage 
XXX Reduction in stand; permanently 


inhibited at 2-leaf stage 


XX 


Umbelliferae 


hypocotyls and thick primary roots. The 
leaves were distinctly darker green in 
color 1o days after treatment. Although 
the cotyledons remained green for over 3 
weeks, no further shoot growth was pro- 
duced (fig. 2D). 

Tobacco failed to emerge from treated 
soil. Tomato and pepper emerged, but 3 
weeks after treatment they had not pro- 
duced any epicotyledonary leaves. The 
tomato seedlings had a distinctly darker 
green coloration 7-10 days following 
application and very short hypocotyls. 


RELATION OF EXPOSURE INTERVAL 
TO SURVIVAL OF OAT AND 
BARLEY PLANTS 


An experiment was performed to de- 
termine the relationship between length 








Fic. 1.—Response of germinating cereals to soil applications of O-isopropy! N-pheny] carbamate. Appli- 
cations of 1co ml. aqueous solution were made at planting time at rate of 10 mg./1.7 kg. soil. Note enlarged 
coleoptiles and stubby, bulbous roots; control on left in each case. A, barley; B, wheat; C, oats; D, rye. 

Photographed 7 days after treatment. 





F1G. 2.—Response of certain germinating dicotyledonous plants to soil applications of O-isopropy] 
N-pheny! carbamate. Applications of roo ml. aqueous solution were made at planting time at rate of 10 mg 
1.7 kg. soil. Note short, thick hypocotyls and poorly developed, thick radicles. Shoot growth ceased at this 
stage. Control on left in each case except in C. A, cucumber; B, buckwheat; C, flax; D, morning-glory. 
Photographed 7 days after treatment.) 
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of exposure to the carbamate and surviv- 
al of the treated plants. Four-day-old oat 
and barley plants growing in soil in 
glazed pots were treated in April, 1947, 
by applying the carbamate, in 250 ml. of 
aqueous solution, to the soil at rates of 


0, I, 5, 10, and 50 mg./1.7 kg. soil. At 
various intervals ranging from 1 to 120 
hours after application, twenty-five to 
thirty plants were removed from the 
variously treated soils. After all soil was 
carefully washed from the roots, they 
were transplanted to small paper drinking 
cups containing soil with no carbamate. 
Eight to 10 days later each surviving 
plant was transplanted to a glazed pot 
containing 1.7 kg. soil with no carbamate 
and was moved into the open, outside the 
greenhouse. Observations were made of 
the number of plants surviving, growth 
habit, number of tillers, and heads or 
panicles produced. Representative plants 
were photographed at intervals from the 
seedling stage to maturity. 

Since cytological studies upon oat 
plants exposed to O-isopropyl N-phenyl 
carbamate show that abnormal nuclear 
and cell behavior occurs within a few 
hours following treatment (5), root and 
shoot material was fixed at various 
stages of the experiment to determine the 
relation of these early induced responses 
to the survival and subsequent develop- 
ment of oat and barley plants. 

Three days after 4-day-old oat plants 
were exposed for 1 hour to 5, 10, or 50 
mg. of this substance per pot, stunting 
was. apparent, and the first foliage leaf 
had a dark blue-green coloration. Barley 
plants similarly treated showed the same 
responses but to a lesser degree. Four 
days after plants were exposed to 5, 10, 
or 50 mg. per pot, marked inhibition was 
observed in both cereals. The first foliage 
leaves were spatulate ‘and dark green. 
The 1-mg. treatment resulted in slight 
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inhibition. After a 24-hour exposure to 5, 
10, or 50 mg. of the carbamate per pot 
some bulbous swelling of the root tips 
was noticed; after 30 hours the coleoptile 
ruptured in certain cases, and the cole- 
optilar nodal region had a slight yellow- 
ish coloration. 

With increasing intervals of exposure, 
the gross effects described above became 
marked, except in the pots treated with 
1 mg. of the substance; many plants re- 
covered from this latter treatment. 

Many plants did not show swelling of 
the coleoptilar region when removed 
from treated soil, but such swelling sub- 
sequently developed after their transfer 
to soil'with no carbamate. This indicated 
that a sufficient quantity of carbamate 
or stimulus produced by the compound 
was present in the tissues to result in 
gross swelling even after they were placed 
in untreated soil. 

All plants retaining a green color were 
transplanted to glazed pots 12 days after 
treatment. Some of them had only a dark 
blue-green first foliage leaf protruding 
from the coleoptile, whereas others had 
put out additional leaves or, in some 
cases, tillers which had much narrower 
leaves than the controls (fig. 3). Some 
plants showing no shoot growth had de- 
veloped new roots. This may have been 
the result of unequal exposure of the 
roots and shoots to the carbamate but 
more likely to a greater capacity of the 
plant to initiate new roots than new 
shoot growth. 

Figure 5 shows the effect upon survival 
of treating oat plants with the carbamate 
for varying intervals. Barley responded 
similarly. Plants which showed gross re- 
sponses at the time of transplanting were 
greatly delayed in growth and developed 
a rosette habit (fig. 44); many subse- 
quently died. In the early stages of devel- 
opment a greater degree of tillering was 
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evident in the treated plants, but the un- 
treated plants later produced about the 
same number of tillers. Many plants were 
; delayed several weeks in maturity (fig. 
; 4B). In view of certain similarities be- 
, tween the cytological effects induced by 
this substance and by colchicine, seed 
from the treated plants was collected, 
and plants grown from them will be ex- 
' amined cytologically to determine pos- 
: sible increase in chromosome numbers 
and whether morphological changes were 
f induced. 

1 Oats exposed to 50 mg. of the carba- 
" mate per pot for 1 hour showed less than 
. 50% survival and only about 10% when 
d exposed for 6 hours (fig. 5). All plants 
. died after exposure to 10 mg. per pot for 





* ‘ Mca 2z—Os p 2 avs after exposure for 
d 30 hours, and only about 5% of the Fic. 3.—Oat plant 32 days after exposure for 
. ss ‘ : 12 hours to soil containing,5 mg. of O-isopropy] 
= plants survived after being exposed to N-pheny! carbamate per 1.7 kg. soil 
d 5 mg. for 36-48 hours. Barley plants were 


more capable of surviving than oat 
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se- FG. 4.—Response of oats to soil applications of O-isopropyl N-pheny] carbamate. A, 32 days after 4-day- 

; old oat plant was exposed for 24 hours to soil containing 5 mg. carbamate per pot. Note stunted, rosette 
vel- growth. B, 69 days after 4-day-old oat plant was exposed for 6 hours to soil containing 5 mg. per pot. Note 
was great delay in heading. Controls on left in both photographs. 
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plants under similar conditions, except at 
the high rate of 50 mg. The 1-mg. rate 
was usually a sublethal amount, and con- 
sequently most of the plants recovered 
even after long exposure (fig. 5). 


CYTOLOGICAL AND HISTOLOGICAL RE- 
SPONSES OF BARLEY AND OATS 


A study of slides prepared from oat 
and barley material described in the pre- 
ceding section showed that cytological 
responses occur in these species after 1-6 
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Fic. 5.—Effect of O-isopropy] N-phenyl] car- 
bamate upon survival of 4-day-old oat plants ex- 
posed to substance for varying intervals. Applica- 
tions to soil at four rates in 250 ml. of water. Per- 
centages based on number of plants reaching fruiting 


stage 


hoursof exposure to O-isopropy] N-pheny] 
carbamate in soil. It appears pertinent 
to record certain of these responses which 
may be associated with survival of the 
plants and with certain morphological 
characteristics which developed after ex- 
posure to the compound for varying in- 
tervals. 

In contrast to 2,4-dichlorophenoxy- 
acetic acid and similar growth-regulating 
substances, O-isopropyl N-pheny! carba- 
mate had a profound effect on meriste- 
matic cells of root and shoot. Instead of 
the rapid induction of cell division in 
such tissues as endodermis, pericycle, or 
rays, which results from applications of 
2,4-dichlorophenoxyacetic acid, the con- 
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verse took place. Exposure of cereal 
plants to this carbamate in either soil or 
nutrient-solution cultures resulted in ces- 
sation of cell division in root and shoot 
meristems with accompanying increase in 
chromosome numbers and great enlarge- 
ment and maturation of these cells. 
Young differentiating leaf cells and the 
cortical and stelar root cells in the region 
of elongation likewise increased in size 
and matured. 

RESPONSES OF ROOT.—Cytological re- 
sponses were evident in roots of 4-day- 
old oat and barley seedlings 1 hour after 
application of O-isopropyl N-phenyl 
carbamate to the soil in which the plants 
were growing. Roots from oat plants 
treated at a rate of 10 mg./1.7 kg. soil 
showed increased mitotic activity in the 
stelar cells in the region of elongation, 
characterized by a disproportionately 
larger number of metaphase figures and 
fewer of anaphase than occurred in roots 
of the control. Applications of 50 mg. per 
pot resulted in chromosome clumps in 
both oats and barley. There was a lack of 
congression of chromosomes at the meta- 
phase plate; instead they were scattered 
throughout the cell. Anaphase figures 
were scarce in this material, and many of 
those which were present appeared ab- 
normal in that chromosomes were sepa- 
rated into more than two groups, indica- 
tive of multipolar spindle action. These 
groups later formed micro-nuclei. 

All the histogen cells of the root ap- 
peared to be slightly less responsive to 
treatment with the compound than the 
stelar cells basipetal to the histogen re- 
gion. The increased activity of the stelar 
cells was perhaps related to the state of 
nuclear division at time of treatment or 
to a difference in the metabolic state of 
the histogen cells and those in process ef 
elongation or expansion. 

After 6 hours of exposure to 50 mg. of 
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Q-isopropyl N-phenyl carbamate per 
pot, oat roots showed abnormal anaphase 
figures and many metaphases. In treated 
barley roots there were three to four 
times as many metaphases as anaphases. 
Although untreated barley roots showed 
fewer anaphases than metaphases, the 
proportion was far less than that in the 
treated roots. In the abnormal anaphases 
the chromosomes were often separated 
into several clumps. Cytokinesis ap- 
peared to have largely ceased. 

Thirty hours after treatment with the 
carbamate at a rate of 10 mg. per pot, the 
cortical and stelar cells of oat roots had 
many micro-nuclei. These cells were lo- 
cated a few cells basipetal to the histogen 
layer and extended into the region of 
elongation of the root. Such cells were 
frequently vacuolated and contained un- 
evenly stained cytoplasm. Many blocked 
metaphases occurred, and the chromo- 
somes in the stelar cells were markedly 
crowded and showed an obvious increase 
in number. Some cortical cells had giant 
nuclei, while others had micro-nuclei. 
Very few anaphase figures were present 
in the cortical and stelar cells which 
showed the numerous blocked meta- 
phases. The cells in adventitious roots 
were twice the diameter of those in the 
control and contained larger nuclei. 

After 72 hours essentially all root cells 
basipetal to the histogen region were 
highly vacuolate, and many cells con- 
tained several micro-nuclei (10-12 per 
cell, in some cases). The large mass of 
nuclear material in some cells was usually 
irregular in shape. Cells had become 
greatly enlarged. 

RESPONSES OF sHOOT.—Cytological 
behavior of shoot cells was similar to that 
occurring in the root. Following exposure 
to 50 mg. of O-isopropyl N-phenyl carba- 
mate per pot for 1 hour, the provascular 
cells in the leaves of 4-day-old oat and 
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barley seedlings showed a large number 
of metaphases with chromosomes scat- 
tered throughout the cell in a diakinesis- 
like manner. This did not occur in un- 
treated plants. The chromosomes were 
contracted, and true anaphase separation 
did not occur as observed in untreated 
plants. The provascular region of the dif- 
ferentiating leaves showed the greatest 
activity, as characterized by the presence 
of numerous metaphase-like figures. The 
occurrence of so many of these figures 
was suggestive of an anesthetizing action 
of the carbamate when cells are past the 
prophase with consequent failure of the 
mitotic cycle to go to completion. 

After 6 hours cells of the young leaves 
and of the apical meristem showed an ac- 
cumulation of numerous blocked meta- 
phases and a few abnormal or no ana- 
phase figures. Only slightly fewer ana- 
phases than metaphases occurred in un- 
treated plants. There were some cells 
showing clumps of chromosomes of un- 
equal size. 

Thirty hours after 4-day-old oats were 
exposed to 10 mg. in soil, giant nuclei 
were present in certain cells of the apical 
meristem and leaves of the shoot. These 
cells were greatly enlarged and matured. 
The enlargement was approximately pro- 
portional to the increase in nuclear ma- 
terial. 


RESPONSES OF ESTABLISHED CEREALS 
APPLICATION IN NUTRIENT CULTURE. 
The germination stage appears to be the 
most susceptible for inducing responses 
with this carbamate. Studies have indi- 
cated that, with increasing age, cereal 
plants have a greater tolerance to the 
compound when applied in the soil. This 
may result in part from the fact that 
plants in later stages of development 
have deeper root systems; thus, the lower 
part of the root system may not be in 
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contact with the substance applied in the 
surface layer. 

A study was made of the effects of this 
carbamate on well-established plants in 
which the entire root system was ex- 
posed. Oat plants were grown in coarse 
gravel supplied with Hoagland’s nutrient 
solution, and the carbamate was intro- 
duced in the solution at concentrations 
of o.1, 1.0, and 5.0 p.p.m. when the 
plants were 4 days old, 6 inches tall, 
and in early and late boot stages. 
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velopment was inhibited if the roots were 
exposed to the compound even at the 
time the panicles were emerging from the 
boot. Four-day-old seedlings exposed to 
concentrations of 1.0 or 5.0 p.p.m. often 
had ruptured coleoptiles a few milli- 
meters acropetal to the coleoptilar node. 

In the experiment reported above it 
was noted that, a few hours after roots of 
oats were exposed to concentrations of 
1.0 p.p.m., shoot elongation ceased. In 
order to observe the effects of extremely 





FIG. 6. 
Plants 35 days old when initially treated. On right are panicles excised from plants on left. 7, control; 2, 0.1 
p.p.M.; 3, 1.0 p.p.m.; 4, 5.0 p.p.m. Note that 1.0 or 5.¢ p.p.m. of the substance has caused cessation of shoot 


elongation. 


Contrary to effects resulting from ex- 
posures in soil (2), plants at each of these 
stages of growth failed to develop further 
when exposed to 1 or 5 p.p.m. of the sub- 
stance. No new roots were formed, and 
those already present developed bulbous 
tips with profuse root-hair growth. The 
leaves became dark blue-green; subse- 
quently a brown discoloration developed 
at the tip which gradually progressed to 
the base of the blade. Failure of the grow- 
ing point to develop further and of the 
young internodes to elongate resulted in 
markedly suppressed‘top growth and 
panicle development (fig. 6). Panicle de- 


Effect of exposing oats to O-isopropy] N-pheny] carbamate in gravel nutrient culture for 11 days. 


dilute concentrations of this substance 
on shoot elongation, eleven enamel trays 
covered with paraffin nets were set up 
and filled with Hoagland’s nutrient solu- 
tion containing 0, 0.1, 0.2,...,1.0 
p-p-m. of the carbamate. Thirty 4-day- 
old oat seedlings of uniform shoot length 
were transferred to each tray, and the 
roots immersed in the solution. 

Seven days later the shoots were 
measured (cotyledonary node to tip of 
the longest leaf blade). Shoot elongation 
was inversely proportional to the con- 
centration of the solution (fig. 7). 

APPLICATION TO TOPS.—Earlier work 
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with this carbamate (2, 4) has indicated 
that it has relatively little effect upon 
cereals when applied only to the tops of 
seedling plants. Since the concentration 
of the carbamate in the nutrient solution 
which resulted in inhibition of the shoot 
was relatively low, it appeared that the 
amount of compound actually in the in- 
hibited shoot was probably very small. 
It accordingly seemed that direct appli- 
cation of the compound to the shoot 
might result in pronounced responses if 
the growing-point were brought into 
contact with the substance. Consequent- 
ly, plants were treated at the seedling 
stage and at the boot stage both by 
spraying and by dipping the tops into 
solution. 

The aerial portions of some oat plants 
15 inches tall (soil surface to tip of long- 
est leaf) and of others in the “‘boot”’ 
stage of development were dipped twice 
into aqueous solutions’ containing 100, 
1000, or 5000 p.p.m. of the carbamate. 
The plants were thoroughly wetted, 
since the formulation contained a wet- 
ting agent. Control plants were similarly 
dipped in water containing Santomerse 
D. All plants were allowed to dry with 
the pots in a horizontal position to pre- 
vent contamination of the soil. Oat 
plants at the same stages of development 
were sprayed six times over a period of 
2 days with 50 ml. per sq. yd. of a 5000- 
p.p.m. aqueous solution. The soil was 
protected from the spray in one series 
with cotton batting. Responses were ob- 
served until the control plants matured. 

No effects were induced when the tops 
of 15-inch plants were treated by either 
dipping or spraying, whereas plants in 
the boot stage were inhibited by both 
types of treatment. The response of 


3Solutions made from a 20% experimental for- 
mulation of O-isopropyl N-phenyl carbamate pre- 
pared by John Powell & Co., New York City. 
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plants in the boot stage to these top ap- 
plications were like those described in the 
nutrient-solution experiment for plants 
in the boot stage (fig. 8). Plants sprayed 
with the carbamate when 15 inches tall, 
with soil not protected from the spray, 
were killed by the treatment (fig. 9). The 
same spray treatment at the boot stage, 
however, was no more effective in in- 
hibiting panicle emergence than the 
treatment in which the soil was protected 





SHOOT LENGTH IN PERCENT OF CONTROL 
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CONC. O-ISOPROPYL N-PHENYL CARBAMATE (P PM.) 

Fic. 7.—Effect of O-isopropy) N-pheny) car- 
bamate upon shoot elongation of oats. Roots ex- 
posed continuously to substance in Hoagland’s 
solution. Plants 4 days old when first exposed and 
measurements taken after 7-day exposure. 


(fig. 9). The difference in response at the 
two ages may be explained on the basis 
of stage of development. At the early 
stage the internodes had not elongated, 
and the apical meristem of the shoot was 
well protected by many enveloping leaf 
sheaths. On the other hand, the inter- 
nodes of a plant in the boot stage had 
fully elongated, and the growing-point 
was protected only by the sheath of the 
flag leaf and by perhaps one other leaf. 
Consequently, treatment of tops at this 
later stage caused inhibition of the em- 
bryonic tissues of the panicle either 
through absorption and translocation of 
the carbamate through the leaves or by 
direct external exposure of the meristem 
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to the substance as a result of its pene- 
tration through the leaf sheaths or be- 
tween their folds. 

Certain field experiments have been 
carried out to observe the effect of this 
carbamate on wheat when applied at dif- 
ferent stages of development. Owing to 





Fic. 8.- 
aqueous formulations of O-isopropy] N-phenyl 
carbamate. Plants in boot stage of development 
when treated. 1, 1coo p.p.m. Santomerse D (con- 
1000 p.p.m.; 3, 5000 p.p.m. Twenty days 


Effect of dipping tops of oat plants in 


trol); 2, 


after treatment. 


the low solubility of this compound in 
water, it was applied in solution in 10 ml. 
of oil at rates of 0.5, 1.0 and 1.5 gm./sq. 
yd. The substance was first dissolved in 
tributylphosphate (1 gm./2 ml.) and 
then diluted to the appropriate concen- 
tration with no. 2 fuel oil (6). Applica- 
tions were made in qfiadruplicate when 
the plants were 6 inches and 15 inches 


GAZETTE [JUNE 
tall and in the boot stage. Plots were 
5 X 18 feet; areas 3 X18 feet were 
treated. Cloth shields 5 feet in height 
were used to prevent drift of spray. Ap- 





N-pheny] 
carbamate upon oats. Plants treated by dipping or 
spraying the tops at 15-inch stage (above) and boot 
stage (below) with aqueous formulations of sub- 
stance; 46 and 20 days after treatment, respectively. 
A, control; B, 1cco-p.p.m. dip; C, 5000-p.p.m. dip; 


Fic. o9.—Effect of O-isopropy] 


D, 5000-p.p.m. spray (soil covered); E, 5000- 
p-p-m. spray (soil not covered). Plants below are 
about equally inhibited by all treatments. 


plications were made with a DeVilbiss 
type MBC spray gun fitted with Decora- 
tors MBC-231 spray head and a veiling 
cap which produced a medium-fine drop- 
let spray. Gross responses and effect on 
grain yield were recorded. 

This study and other comprehensive 
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field studies, not reported here, are in 
agreement with the greenhouse studies, 
since applications of this compound in 
oil spray at late stages caused similar in- 
hibition of cereal plants. Spray applica- 
tions at earlier stages reduced the growth 
of cereals very effectively, but these ef- 
fects appeared to be induced almost 
wholly as a result of soil contamination. 
Although burning of the plants by the 
tributylphosphate-oil formulation caused 
considerable reduction in grain yield at 
all stages, wheat plants sprayed at the 
6-inch or boot stage yielded significantly 
less than those treated at the 15-inch 
stage (fig. 10). 

IRRIGATION WATER TREATMENTS OF 
RICE.—Rice plants, 19 days old, were 
treated by applying the carbamate in ir- 
rigation water. They were much stunted, 
developed a dark-green coloration, and 
produced many tillers. Twenty-eight 
days after treatment such plants had not 
increased in height (fig. 11). Forty-two 
days after treatment the plants were 
considerably recovered, in that shoot 
growth, although somewhat stunted, had 
occurred and panicles had begun to 
emerge from the main culms and tillers. 
At this time the control plants were in 
the hard-dough stage. These effects were 
unlike those caused by sublethal appli- 
cations of certain halogen-substituted 
phenoxyacetic acids since the latter 
usually cause no marked delay in 
maturity. 

Forty-five-day-old rice (early boot 
stage) treated similarly also ceased to 
grow acropetally and became dark green. 
lifty days after treatment, when grain 
was mature in the untreated plants, 
panicles in the treated plants had not 
emerged, although the plants were still 
green (fig. 11). Some new tillers were 
produced; it appeared, however, that 
plants treated at this later stage were less 
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capable of resuming apical growth or 
initiating new tillers than were plants 
treated at an earlier stage. 


RESPONSES OF CERTAIN ESTAB- 
LISHED DICOTYLEDONS 
Limited studies were made of the ef- 
fects of this carbamate on several species. 
These were treated by applying the com- 
pound to the soil at relatively early 
stages of growth. 
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Fic. 10.—Effect of O-isopropy] N-phenyl car- 
bamate upon yield of field-grown wheat. Compound 
applied at three rates in tributylphosphate-oil 
spray. F values for stages, rates, and stages X rates 
are highly significant. 


Fagopyrum esculentum was one of the 
first plants to be described as being af- 
fected by O-isopropyl N-pheny] carba- 
mate (2). In order to test the effects of 
top application of this substance further, 
buckwheat plants were exposed to it by 
dipping the tops into solutions of the 
carbamate at 100, 1000, or 5000 p.p.m. 
The same formulation was used as pre- 
viously described for oats. Plants were 
also treated by placing over the growing- 
point absorbent cotton pledgets which 
were dampened five times with concen- 
trations of 200, 1000, or 2000 p.p.m. of 
the compound during a 64-hour period. 

The responses induced as a result of 
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each type of treatment were the same. 
The internodes failed to elongate, and 
the youngest leaves ceased to expand and 
became thickened. The floral parts on the 
main stem were reduced in number (fig. 
Axillary shoots subsequently de- 
veloped. In some instances the shoots 


2). 


Fic. 11.—Effect of O-isopropyl N-phenyl car- 
bamate upon rice when applied in irrigation water. 
Above (right), 28 days after application, in o.1 ml. 
fuel oil, of 25 mg. per pot. Plants 15 inches tall 
when treated. Note darker color and profuse tiller- 
ing. Below (center), 49 days later, same pot as on 
right above. Panicles are emerging. Right (below), 
treated at same rate when 45 days old (36-40 
inches). No panicles had emerged 50 days after 
treatment. Treated plarits developed darker green 
color in all cases. Controls on left in both photo- 
graphs. 
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which developed at the cotyledonary 
node were very short and bore two hun- 
dred or more flowers. Untreated plants 
showed no shoot development at the 
cotyledonary node, and shoots arising 
at the other nodes bore only 50 to 75 
flowers each. Buckwheat treated at sub- 





Fic. 12.—Effect of O-isopropyl N-pheny! 
bamate upon buckwheat. Above (right), planift 
treated by applying aqueous solution of carbamat 
at 2co p.p.m. to cotton pledgets placed over apical 
buds. Below (right), root tip from buckwheat ¢ 

posed to substance in soil. Controls on left in ea 
case. 
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lethal levels by soil or top applications 
produced axillary shoots even though the 
primary stem apex was permanently in- 
hibited. The root tips became bulbous 
following soil applications (fig. 12). 

The similarity of response to the two 
types of treatment with O-isopropy] 
N-phenyl carbamate is evidence that the 
compound is most effective on young or 
meristematic tissues. These observations 
are in accord with results obtained by 
dipping or spraying oats at a late stage. 

Plants of Solanum tuberosum, 2 inches 
tall, treated with O-isopropyl N-phenyl 
carbamate at rates ranging from 8 to 20 
mg. per pot by applying the substance to 
the soil, developed a rosette growth 
(fig. 13). The leaves became thickened 
and brittle. The terminal growing-point 
of the central stem was permanently in- 
hibited, but 17 days following treatment 
axillary shoots had begun to develop and 
3 weeks later had reached a height equal 
to the control (fig. 13). Tubers harvested 
from potatoes grown in the greenhouse 
indicated that the yield was not marked- 
ly affected by applications such as those 
described above. 

Plants of Lycopersicon esculentum, 
8 inches tall, treated by applying the 
carbamate to the soil at rates of 3, 5, 10, 
15, or 25 mg./1.7 kg. soil, showed re- 
sponses 4 days after treatment. The peti- 
oles were curled downward, and the 
leaves were distinctly rugose. Plants later 
became prostrate, probably as a result of 
a stunted root system. Subsequently, the 
apex of the stem turned upward with the 
lower stem supported by the rim of the 
pot (fig. 14). Internodal elongation was 
retarded, and, in plants treated at a rate 
of 25 mg. per pot, a marginal necrosis of 
leaves developed 10 days following treat- 
ment. Virtually no further growth oc- 
curred in such plants. Twenty-five days 
after treatment at rates of 10 or 15 mg. 
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per pot, many axillary shoots were de- 
veloped, while the terminal bud was in- 
hibited (fig. 14). This response resembled 
the responses of buckwheat and Irish 
potatoes similarly treated. 


Discussion 


Recent work on plant growth-regulat- 
ing substances has been largely centered 
on their use for herbicidal purposes and, 
in particular, on the development of 
herbicidal methods by which undesirable 
weeds might be removed from a crop. Al- 





F1G. 13.—Response of Irish potatoes to soil ap 


plications of QO-isopropyl N-pheny! carbamate. 
Above (right), rosette-like plant 17 days after appli- 
cation of 20 mg. to soil. Below (right), typical growth 
following recovery from treatment. Note that cen- 
tral stem is suppressed and that axillary shoots have 
been produced. 
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though O-isopropyl N-phenyl carbamate 
has inhibitory activity on the growth of 
certain plants, the responses induced by 
this substance are clearly of a different 
type from those induced by certain 
halogen-substituted phenoxyacetic acids, 





FIG. 14.—Response of tomatoes to soil applica- 
tion of O-isopropy! N-pheny! carbamate. A (righi), 
plant 12 days after application of 10 mg. per pot. 
B, same plants as A 16 day§ later. Note production 
of axillary shoots and suppression of terminal bud 
in treated plant (cf. fig. 13). Controls on left. 
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of which 2,4-dichlorophenoxyacetic acid 
is the best known. At one time the latter 
was considered to be without effect on 
cereals and grasses, and, indeed, spray 
applications of 2,4-dichlorophenoxyace- 
tic acid at low concentration may be 
made to established cereals and grasses 
without causing obvious injury. If ap- 
plied, however, in greater concentration 
or to germinating seeds or seedlings, 
2,4-dichlorophenoxyacetic acid appears 
to induce responses in virtually all spe- 
cies which have been tested. The com- 
pound O-isopropyl N-phenyl carbamate 
has been shown in this work to be more 
truly selective. Its activity, however, is 
not limited to monocotyledonous species 
as has been claimed in popular literature. 
O-isopropyl! N-phenyl carbamate is dis- 
tinctive in that at the germination stage 
all cereals and grasses tested showed re- 
sponses to it, whereas dicotyledonous 
species varied in their response. Most 
dicotyledons germinated and grew in soil 
containing the carbamate without show- 
ing any obvious response, but under the 
same conditions certain other dicotyle- 
dons were severely inhibited. The com- 
pound did not induce epinasty in any 
species tested. 

Responses can be induced in cereals by 
applications of the carbamate to the tops 
at certain stages of development. Effects 
can be induced also in some susceptible 
dicotyledonous species (such as_buck- 
wheat) through applications to the tops 
of established plants. The stage of devel- 
opment in cereals is a significant factor 
in the degree of their response to top ap- 
plications. Cereals with fully elongated 
internodes—for example, the boot stage 

-are inhibited when the tops are dipped 
or sprayed with formulations of the car- 
bamate. On the other hand, cereal plants 
with internodes not elongated do not 
show any obvious response to similar 
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treatments. The differential response in 
the two different growth stages is prob- 
ably related to the position of the grow- 
ing-point. For example, the young in- 
florescence of a cereal plant, with its 
elongated internodes, is protected from 
spray or dip applications of the carba- 
mate by the sheath of the flag leaf and 
perhaps one other sheath; consequently, 
the inflorescence is inhibited by contact 
with the compound which can readily 
penetrate between the folds of the leaf 
sheaths or be absorbed and translocated 
through the leaves to the young tissues of 
the inflorescence. Prior to elongation of 
the internodes of cereals the stem apical 
meristem is protected from the spray by 
many enveloping leaf sheaths; no re- 
sponses, therefore, are induced by appli- 
cations of the carbamate to tops of such 
plants. 

Although responses can be induced in 
cereals with fully elongated internodes 
by applications of O-isopropyl N-pheny| 
carbamate to their tops, other work with 
cereals shows that responses are most 
easily induced by applications of the 
carbamate to the soil at the germination 
and young seedling stages. With the for- 
mation of deep and extensive root sys- 
tems, correspondingly higher rates of ap- 
plication of the carbamate to the soil are 
required in order to cause inhibition of 
cereals and susceptible dicotyledonous 
species. 

As previously outlined, mitotic aber- 
rations occur in the root and shoot of 
young oat and barley plants after an ex- 
posure to O-isopropyl N-phenyl carba- 
mate in soil for a very few hours. Cyto- 
logical studies on cereals treated with the 
compound show that the action of the 
carbamate is related primarily to an in- 
terrupted mitotic cycle and to failure of 
cytokinesis in both root and shoot. De- 
pending on the interval or intensity of 
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exposure, abnormal growth or death of 
the cereal plants occurs as a result of the 
early induced cytological disturbances. 
Obviously, the mode of action of this 
carbamate is unlike that of the halogen- 
substituted phenoxyacetic acids. 

In spite of the fact that O-isopropy| 
N-phenyl carbamate has not proved to 
be satisfactory as a herbicide for the 
control of weedy grasses, such as the 
deep-rooted perennials, and can improb- 
ably be developed for this purpose, nev- 
ertheless the specificity of action of this 
compound on certain species at the ger- 
mination stage offers considerable en- 
couragement. This carbamate might be 
applied to the soil with impunity at the 
germination stage to control susceptible 
obnoxious plants without causing con- 
current injury to nonsusceptible crop 
species. The demonstrated differential 
response of various crop species to this 
compound suggests that in the develop- 
ment of new herbicidal methods there is 
a need for comprehensive screening of the 
effects of many growth-regulators on 
many different species. 

Cereals with elongated internodes 
(boot stage) failed to produce seed and 
were stunted by applications of the car- 
bamate to the tops alone. Correspond- 
ingly, in the use of this substance, and 
perhaps other similar compounds, for the 
control of established grassy weeds, ap- 
plications to the tops would likely be 
most effective if applied at the jointing 
stage, preferably in a penetrating carrier 
such as a light oil. Use of some oils would 
not be advisable, however, for selectively 
controlling weeds in most dicotyledonous 
crops because of damage to the latter 
plants by the oil. Applications of com- 
pounds similar to this carbamate to tops 
only of grassy weeds before the inter- 
nodes elongate would probably cause 
little systemic effect. 
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Growth-regulating substances have 
been used not only as herbicides but for 
inducing parthenocarpy and rooting of 
cuttings, for delaying fruit abscission, 
and for many other purposes. Little at- 
tention has been given by agronomists to 
their probable usefulness in controlling 
growth of agronomic plants. Certain re- 
sponses induced by some of these com- 
pounds suggest that growth-regulators 
may be useful tools in attacking certain 
vegetational control problems. In pas- 
tures, for example, it is often desirable to 
keep plants in the succulent vegetative 
stage. If the plants reach the flowering 
stage, they become woody and unpalat- 
able. Since, under some circumstances, 
Q-isopropyl N-phenyl carbamate mark- 
edly delays maturity of rice and certain 
dicotyledonous plants, without killing 
them, growth-regulators of this general 
nature may have some usefulness in pre- 
venting fruiting of certain plants, flower- 
ing of which is controlled by specific 
photoperiods, or for delaying maturity 
in certain other species. 

The carbamate causes mitotic aberra- 
tions and an increase in chromosome 
number in certain tissues of root and 
shoot of cereal plants; therefore, the sub- 
stance may offer promise for experimen- 
tally inducing polyploidy or perhaps mu- 
tations in plants. Since chromosomes of 
oats and barley treated with the carba- 
mate become contracted and the mitotic 
cycle is blocked at metaphase, the com- 
pound may find use in counting and 
studying the morphology of chromo- 
somes in certain species. 


Summary 


1. Thirteen monocotyledonous species 
treated with O-isopropyl N-pheny] car- 
bamate at the germination stage showed 
similar gross responses to the compound. 
These were characterized by lack of root 
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and shoot elongation, with concurrent 
swelling of these parts. The roots were 
stubby and bulbous, and the coleoptilar 
region was markedly swollen. 

2. Young established cereals treated by 
soil application of the carbamate ceased 
to grow acropetally, and the leaves be- 
came dark green. In contrast to responses 
induced by applications of 2,4-dichloro- 
phenoxyacetic acid, no epinasty oc- 
curred. 

3. Of thirty-nine dicotyledonous spe- 
cies exposed to O-isopropyl N-pheny] 
carbamate at the germination stage, fif- 
teen showed some responses to the com- 
pound. Plants of six of these species 
largely recovered from the treatment, 
whereas in nine they were permanently 
inhibited. All the latter species responded 
similarly in that the hypocotyl failed to 
elongate normally and became enlarged. 
The root system was much stunted, and 
in some species, such as buckwheat, 
flax, and morning-glory, only a radicle 
emerged. Most of the species responding 
to the carbamate developed to the two- 
leaf stage, but the cotyledons never fully 
expanded, and the stem apex failed to 
grow. 

4. Applications of the carbamate to the 
tops of oat plants in the boot stage of de- 
velopment resulted in cessation of pan- 
icle growth, whereas similar applications 
at the seedling stage induced no re- 
sponses. The relation of these responses 
to stage of plant development and cer- 
tain implications regarding the use of 
other similar growth-regulators are dis- 
cussed. 

5. Marked abnormal cytological be- 
havior occurred in the roots and shoots 
of oat and barley plants treated with 
O-isopropyl N-phenyl carbamate. This 
was characterized by an_ interrupted 
mitotic cycle, blocked metaphases, multi- 
nucleate cells, occurrence of giant nuclei, 
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and a highly increased chromosome num- 
ber in certain cells of both root and shoot. 
Cell division ceased in the apical meri- 
stems of root and shoot. Great cell en- 
largement and maturation occurred in 
these cells and in those in the process of 
expansion. 

6. The abnormal cytological behavior 
occurring in the root and shoot of oat and 
barley plants treated with the carbamate 
can be correlated with subsequent sur- 
vival of the plants or with abnormal de- 
velopment. Short-time exposure studies 
revealed that, as the cytological effects 
became more pronounced, the number of 
plants surviving to maturity was mark- 
edly reduced. 
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_ 7. Possible agronomic applications of 
growth-regulators similar to O-isopropy] 
N-phenyl carbamate for vegetational 
control are suggested, as well as the 
probable usefulness of this carbamate in 
genetic and cytological studies of cereals 
and certain grasses. 


I am indebted to Dr. A. G. NorMAN 
for helpful suggestions during the course 
of the work and in preparation of the 
manuscript. Acknowledgment is also 
due Mr. G. A. Evans and Mr. S. T. 
ATKINS, JR., for aid in photography and 
to Dr. C. E. Mrnarik for reading the 
manuscript. 
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INFLUENCE OF 2,4-DICHLOROPHENOXYACETIC ACID ON 
INITIATION AND DEVELOPMENT OF HYPOCOTY- 
LEDONARY BUDS OF DECAPITATED FLAX’ 
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RICHARD M. KLEIN AND GEORGE k. k. LINK 


Introduction 


Literature bearing on the development 
of hypocotyledonary buds of flax after 
decapitation has been reviewed previous- 
ly (2, 3, 5). The effects of indoleacetic 
acid on the different phases of this phe- 
nomenon have been investigated (6), but 
no investigation has been made of it us- 
ing any of the synthetic growth-regula- 
tors. In view of known effects of 2,4-di- 
chlorophenoxyacetic (2,4-D) on growth, 
it was thought that an investigation of 
the influence of this substance on the 
wound-reaction complex leading to the 
formation of new shoots might be of 
some interest and value. 

Literature bearing on the mode, site, 
and time of initiation of such buds in flax 
has been reviewed and extended by 
Link and Eccers (5). The influence of 
2,4-D in stimulating bud development 
has been noted by TayLor (8). He found 
that 0.04 p.p.m. in nutrient solution, 
with a presentation time of 9 days, stim- 
ulated axillary bud development from 
the cotyledonary node of cowpea and 
that the same concentration stimulated 
rooting from the lower hypocotyl of the 
kidney bean. Complete suppression of 
budding in both species was noted as a 
result of using a 0.6-p.p.m. concentra- 
tion. VAN OVERBEEK (9) found that 
liquid applications containing 5 and 10 
p.p.m. of 2,4-D, when placed on the api- 
cal buds on several varieties of pineapple, 

‘ This work was supported in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 


induced a 100% response of flower-bud 
formation, while 1 p.p.m. induced no 
change. It is significant that similar con- 
centrations of naphthaleneacetic acid 
were as effective as those of 2,4-D. 


Material and methods 


In all experiments a single lot of Bison 
variety of flax (1946 planting) was used. 
(Seed more than 2-3 years old does not 
give maximum germination, and the 
plants tend to be spindly.) The work was 
carried on from July through October, 
1946, and from March through October, 
1947, in the greenhouses of the Univer- 
sity of Chicago and in a basement room 
under fluorescent lights. Details of the 
latter room are given later. Moderate 
temperature and high humidity appear 
to be optimal for seedling development, 
but neither could be maintained in the 
greenhouse. By trial it was found that 
4- to 6-inch unglazed clay pots were more 
satisfactory containers for growing the 
plants than were the glazed earthenware 
pots originally used. 

In preliminary studies in 1946, plants 
in soil showed a very high percentage of 
kill after decapitation. For this reason, 
all subsequent studies were made with 
no. 3 white quartz sand as a substrate, 
sifted after each experiment to remove 
roots and other debris. 

Because plants in early experiments 
were lost after decapitation through 
fungal-induced damping off (Fusarium 
spp.), the seed in subsequent plantings 
were treated for at least 24 hours with a 
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“New Improved” Ceresan dust. The 
pots were watered with tap water until 
seedling emergence, and then with the 
complete nutrient of EGGERs (3) without 
adjustment of the pH. This was supple- 
mented with soluble iron phosphate once 
a week in the proportion advocated by 
HELGESON ef al. (4). No additional water 
was supplied. 

Sprouting was usually complete with- 
in 3-5 days after sowing, and the seed- 
lings were thinned to twenty-six to twen- 
ty-eight plants per pot. When the coty- 
ledons were expanded and the epicotyl 
had begun to elongate (3-7 days after 
sprouting), the hypocotyl was cut at 
right angles to the axis just below the 
cotyledonary node. Twenty-five plants 
in each pot were so treated. One or more 
uninjured plants were left in each pot as 
a check on substrate and microclimatic 
conditions. These uninjured plants indi- 
cated an absence of gross environmental 
differences among the pots in individual 
experiments. 

Mixtures of 2,4-D in lanolin or in 
Carbowax 1500, and in a range of con- 
centrations, were applied to the decapi- 
tated stumps of the plants immediately 
alter cutting. Two inocula were used: a 
large inoculum consisted of capping the 
cut surface of the hypocotyl with ap- 
proximately 0.01 ml. of the paste; the 
small inoculum was about one-half as 
large. Sometimes it was necessary to re- 
move the guttation fluid with filter pa- 
per before capping. The same number of 
decapitated untreated and carrier-treat- 
ed plants were used as controls. 

Examinations for detectable buds were 
made with a 2X _ hand lens at periods up 
to 18 days after application. This time 
limit was arbitrarily chosen, since one 
shoot usually attains dominance in that 
time (5), and the further development of 
additional buds is repressed. 
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Specimens for microscopical examina- 
tion were fixed and stained by the meth- 
od used by Link and EGGErRs (5). 


Observations 


EFFECT OF CARBOWAX.—One of the 
most striking results was the finding that 
the decapitated hypocotyl invariably 
died when Carbowax 1500 was applied to 
it either alone or as the carrier of 2,4-D, 
irrespective of the concentration of the 
acid. Neither this carrier alone nor the 
acid in it was toxic when applied to in- 
tact seedlings. 

The sequence of necrobiotic change in 
the cut treated hypocoty] was as follows: 
Within 24 hours after application of ei- 
ther Carbowax alone or as a carrier for 
2,4-D, there was a noticeable decrease in 
the turgidity of the cut treated hypocotyl 
as compared with either uncut Carbo- 
wax-treated or cut untreated plants. The 
upper 1-2 mm. were completely whit- 
ened by the end of this period. Freehand 
or frozen sections showed that, although 
the tissues outside the pith appeared es- 
sentially normal, there was plasmolysis 
and shrinking of the pith tissue. The 
whitened areas showed no chlorophyll, 
but the plastid “ghosts” were seen in 
normal position. Forty-eight and 72 
hours after application of Carbowax 
there was complete collapse of all tissues, 
with whitening almost to the soil level; 
the dried, whitened hypocotyls could not 
be sectioned by either freehand or paraf- 
fin methods. When Carbowax 1500 was 
placed alone on the uninjured hypocotyl, 
epicotyl, or cotyledons, the plant devel- 
oped normally. 

In a critical study of the toxicity of 
carriers, WITHROW and HowLettT (11) 
found that Carbowax was very toxic to 
tomato leaf and flower tissue. BEAL (1) 
compared Carbowax and lanolin as car- 
riers of phenoxy compounds and stated 
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that the effectiveness of the carrier de- 
pended on the growth-regulator em- 
ployed. He noted, however, that with few 
exceptions there were heightened re- 
sponses when Carbowax was the carrier. 
Because of the toxicity of this carrier, 
particularly in plants that may have an 
altered disposition (i.e., injured plants) 
to chemical influence, some of the effects 
attributed to growth-regulators in other 
studies may have resulted from the car- 
rier. Thus the type of carrier employed, 
in combination with the physiological 
state of the organism, undoubtedly is an 
important factor in the response. In any 
case a great deal of careful work is needed 
to determine both the mode of entrance 
of such substances as Carbowax and 
their effects on plant metabolism. 
EFFECT OF 2,4-D.—In experiment I, 
single large applications of nineteen con- 
centrations of 2,4-D in lanolin, ranging 
from 0.001 to 1000 p.p.m., were made to 
decapitated flax hypocotyls immediately 
after cutting. Replicates of a hundred 
plants were used, and equal numbers of 
decapitated untreated and lanolin-treat- 
ed plants were employed as controls. 
Within 24-48 hours after application 
the four highest concentrations of the 
acid (125, 250, 500, and 1000 p.p.m.) had 
induced chlorosis or blanching at the cut 
end, extending-1 cm. from the cut in the 
1000-p.p.m. lot to less than 0.5 cm. in the 
125-p.p.m. group.” There was no attend- 
ant loss of turgidity within 48 hours, but 
within 13 days after application the 
1000-p.p.m. lot had lost turgidity and 
appeared to be undergoing necrobiotic 
change. Downward curvature and twist- 
ing of the hypocotyls occurred on the 
second day after application in the plants 
treated with 75 to 1000 p.p.m., in degrees 
of severity roughly proportional to the 
2 Similar chlorotic changes were noted with the 
use of high concentrations of indoleacetic acid (6). 


[JUNE 


concentration of the acid. This twisting 
lasted until the ninth to thirteenth day 
after application. At that time recovery 
was complete in all lots except those 
treated with the two highest concentra- 
tions. 

In experiment I hypocotyledonary 
buds were evident in both control lots on 
the sixth day after application. By the 
ninth day, pots treated with all except 
the five highest concentrations of 2,4-D 
had budded plants, but the lot treated 
with the highest concentration (1000 
p.p-m.) showed no buds even on the 
twenty-first day. The number of buds in- 
creased at a fairly regular rate for any 
particular concentration. A summary of 
the survival and bud counts on the 
eighteenth day is given in table 1. 

To determine the accuracy of these 
findings, experiment II was performed. 
The small inoculum of lanolin paste 
(0.005 ml./plant) was used since the 
large inoculum, used in experiment I, 
was difficult to standardize. Although no 
marked differences in survival were noted 
between experiments I and II, and the 
gross effects were similar, it was evident 
that the plants in experiment II were 
less sensitive to 2,4-D, for bud counts 
were greater than in 
(table 1). 

Because it was found in experiment II 
that a concentration of 1000 p.p.m. did 
not completely suppress budding—in con- 
trast to the results in experiment I— 
concentrations of 2000 and 4000 p.p.m. 
as small inocula were used in addition in 
experiment III. In general, results were 
not sufficiently different from those of 
the previous experiments to warrant dis- 
cussion. Concentrations of 2000 and 4000 
p.p-m. were fatal within 3 days after ap- 
plication. 

Since the difference in the amount of 
lanolin paste applied per plant and dif- 
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ferences in environment might have been 
factors accounting for the dissimilarity 
in results of experiments I, II, and III, 
large and small inocula were used on 
simultaneous plantings in experiment IV. 
Asa further check, a similar planting was 
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cut hypocotyls was 450 foot-candles. 
Following the lead of RoBinson (7), who 
found that 13-15 hours of light per day 
permitted normal development of flax, 
the plants were exposed to a photoperiod 
of 14 hours. In no instance, however, was 


TABLE 1 
COUNTS ON EIGHTEENTH DAY AFTER APPLICATION OF 2,4-D IN LANOLIN TO 
DECAPITATED FLAX. REPLICATES OF 100 PLANTS 


NUMBER OF PLANTS 


Alive 
?,4-D (P.P.M.) 
Experiment 
I II Ill 
4000 ° 
2 ° 
1000 37 82 67 
500 95 99 82 
250 99 100 g0 
125 100 100 
ae. 100 100 
50.. 100 100 
25 100 100 
10.. 100 99 
5 100 100 
I 100 99 
©. 500 100 98 
©. 250 100 go 
0.125 100 100 99 
0.075 100 100 
0.050 100 99 
0.025 100 100 
0.010 100 100 
0.005 909 90 
0.00! 99 86 
Lanolin only 99 99 99 
Cut only 98 100 98 
* Buds in lower portion of hypocotyl] only 


grown in the greenhouse until the time of 
application and then transferred to a 
basement room. The temperature in this 
room was stable at 23 + 3°C., and the 
relative humidity was 60-70% during 
the 18-day test period. Illumination was 
provided by nine 36-inch white fluores- 
cent tubes suspended in three reflectors 
about 15 inches above the substrate 
level. Light intensity at the level of the 
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AVERAGE NUMBER 
BUDS PER PLANT 


With buds ee ee 
Experiment Experiment 

Il III I II II! 
° fe) 
° ; ° 

10* 12* ° 1.4 1.9 

25 18 ° 1.5 1.6 

52 60 ° 1.9 2.4 

gI z.2 1.8 

95 : 1.60 2.1 

97 re a 

gi 1.6 2.2 

gI 2:4 1 

gO 2.5 I.9 

go 2.3 2.3 

88 2.0 1.8 

82 3.1 2.1 

gI 99 2.9 2.0 4.4 

88 , 2.8 2.1 

93 2.8 2.0 

96 Le - PR 

95 2.4 2.5 

gi 4 x. 

83 3.0 2.8 

95 97 3-3 3.0 3.9 

04 98 4.8 4.2 4.4 


growth in the basement room as good as 
in the greenhouse. The uncut plants in 
the basement were about two-thirds as 
tall as those in the greenhouse, had a 
tendency to topple, and their leaves were 
smaller. In the basement the leaves and 
stems becane progressively lighter until, 
at the end of the experiment, they were 
a light yellowish-green. 

The results of experiment IV are sum- 
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marized in table 2. As evidenced by the 
bud counts of plants grown under con- 
trolled conditions of light and tempera- 
ture, the differences between the effects 
of large and small inocula are not suffi- 
cient for size of inocula to be considered 
as an important factor in the differences 
noted between the results of experiments 
I and II. Plants under lights were not so 
vigorous as those in the greenhouse, as 
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periments III and 1V (August, 1947) 
when the greenhouse temperatures 
reached 40°-42° C., just below the melt- 
ing-point of lanolin. Although the small 
inoculum merely capped the hypocotyl 
and did not run, the large inoculum ran 
freely over one-half of the stump. 
Although it has been assumed (10) 
that the concentration of a growth sub- 
stance so applied, rather than the quan- 


TABLE 2 


COUNTS ON EIGHTEENTH DAY AFTER APPLICATION OF LARGE AND SMALL INOCULA OF 
2,4-D IN LANOLIN TO DECAPITATED FLAX, UNDER ARTIFICIAL LIGHT AND IN 
GREENHOUSE. REPLICATES OF 50 PLANTS 


Artiriciat Licnt 


Large inocula 
1-D (p.pP.M.) 


Plants | Total Plants 

Alive with no Alive with 

buds buds buds 

4000 ° ° re) re) ro) 
2000 ° ° ° ° ° 
1000 4 fo) ° 16 ° 
500 13 I I 42 3 
250 21 ° re) 46 10 
0.125 43 39 100 49 45 
Lanolin only 38 32 7° 46 35 
Cut only 48 47 

Buds in lower portion of hypocotyl] only. 


evidenced by bud counts in the un- 
treated and lanolin-treated decapitated 
controls. The differences between these 
two latter series have been shown to be 
statistically insignificant (6). 

In the greenhouse trials, however, the 
possibility still existed that the differ- 
ences in the responses of plants treated 
with small and large inocula might be 
significant. This necessitated further 
study in order to determine the relative 
importance of the size of th@inoculum. 

The lanolin paste had a tendency to 
run down the hypocotyl in hot weather. 
This was particularly marked during ex- 


Small inocula 


GREENHOUSE 


Large inocula Small inocula 
Total Plants | Total Plants Total 
no. Alive with no Alive with no 
buds buds buds buds buds 
° ° ° ° ° ° ° 
° ° ° ° ° ° ° 
° 6 . 3 28 6* 10 
4 25 8 18 32 6 9 
14 | 26 8 13 48 33 89 
120 | 44 44 173 49 49 202 
65 34 34 | 140 49 49 | 174 
125 50 50 202 


tity, will partially determine the degree 
of response, we may proceed on the hy- 
pothesis that the area of plant surface 
available for entrance of the substance 
(designated as “presentation area’’) is a 
factor governing the degree of response. 
It would then appear that running of the 
lanolin paste increased the presentation 
area and was the factor responsible in 
experiment IV for the greater inhibition 
of budding noted in the greenhouse in 
plants treated with the large inoculum, 
rather than initial application of a large 
inoculum. Experiments designed to test 
this hypothesis are now being conducted. 
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Tentatively, it is assumed that the dif- 


ferences noted among the experiments 
here reported, relative to survival, bud 
initiation, and development in any par- 
ticular concentration range, resulted 
from differences in the physiological 
states of the plants in the different ex- 
periments as influenced by external and 
internal environmental factors. 
Longitudinal serial sections were made 
to determine, in the totally grossly in- 
hibited material in experiment IV, 
whether bud primordium initiation was 
inhibited or whether primordium devel- 
opment was prevented. Since Link and 
EGGERS (5) had reported that nonde- 
capitated hypocotyls bear bud primordia 
in the lower one-half to two-thirds of 
their length, randomized hypocotyls 
were fixed at the start of the experiment 
and sectioned to determine the longitu- 
dinal extent of initial primordia. With 
this information, surviving plants treat- 
ed with 1000 p.p.m. of 2,4-D in lanolin 
were selected from both the greenhouse 
and the basement lots and sectioned to 
determine whether primordia other than 
those initially present had been formed. 
In the pretreatment seedling stage, 
buds were present only in the lower half 
of the unwounded hypocotyl, confirming 
the findings of Link and EcceErs (5s). 
Examinations of the treated material 
showed that there was no development 
of bud primordia initially present in the 
lower half of hypocotyls treated with 
either large or small inocula. Likewise, no 
bud primordia were found in the upper 
half of treated hypocotyls. Since all buds 
and shoots observed in the material 
treated with 1000 p.p.m. were found in 
the lower portion of the hypocotyls 
(table 1), it can be concluded that high 
concentrations of 2,4-D prevent the ini- 
tiation of buds and repress development 
of any such buds initially present. This 
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repression is usually complete, but oc- 
casionally a bud primordium develops 
into a shoot. 


Discussion 


A comparison of these experimental 
results with those of LINK and EGGERS 
(6) shows that the gross and microscopic 
effects of 2,4-D and indoleacetic acid on 
flax are very similar. With neither sub- 
stance was there any noticeable stimula- 
tion of bud formation, and suppression of 
bud initiation and/or development fol- 
lowed the same pattern. Even micro- 
scopic findings with regard to inhibition 
of bud initiation and development are 
transposable for the two substances. In- 
verse relations between the concentra- 
tion of the growth substance and the 
number of buds produced were found for 
both compounds, as were such effects as 
blanching and necrobiosis of plants 
treated with the higher concentrations. 
2,4-D was effective, however, in lower 
concentrations than indoleacetic acid. 
Whether there is any corollary between 
the effects noted in these studies and the 
mode of action of these very different 
compounds is beyond the scope of this 
investigation. The work of vAN OvER- 
BEEK (g) would indicate that in pine- 
apple, also, there is this type of gross 
similarity of action between substituted 
phenoxy compounds (2,4-D and some of 
its salts) and compounds (naphthelene- 
acetic acid and some of its salts) more 
closely approaching those, such as in- 
doleacetic acid, naturally 
plants. 

LINK and EGGErs (6) indicated that 
the metabolic and nutritive status of a 
plant is a factor in determining the ef- 
fectiveness of indoleacetic acid in af- 
fecting bud formation and development. 
The initial physiological state is equally 
important with respect to the response 


found in 
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to 2,4-D. Because of variation in physio- 
logical states, the data obtained from 
any one experiment are not directly com- 
parable with those of another, and each 
experiment must be evaluated individu- 
ally. 

The variation in bud production in 
any concentration range, pot, or even 
from plant to plant, reduces the effective- 
ness of a statistical study, such as that 
used by Link and EGGErs (6), in deter- 
mining the relative importance of such 
findings as (a) time after treatment of the 
appearance of the first bud, (6) number 
of plants with buds, and (c) number of 
buds per plant. The gradation from com- 
plete bud inhibition, and/or death of the 
plant, to complete freedom from _ in- 
hibitory and suppressing effects is so 
subtle that it, too, could not be critically 
evaluated under the experimental condi- 
tions available. 


Summary 

t. 2,4-Dichlorophenoxyacetic acid in 
lanolin paste was applied to the stumps 
of decapitated flax. Its effects on devel- 
opment of hypocotyledonary buds was 
investigated. 

2. There was an inverse relation be- 
tween the concentration of the acid in the 
lanolin paste applied to the wound and 
the number of buds formed. Concentra- 
tions above 75 p.p.m. were noticeably 
toxic and inhibitory, while those below 
0.5 p.p.m. and down to 0.001 p.p.m. in- 
duced slight, if any, inhibition. There 
was no demonstrable stimulation of bud 
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formation with any of the concentrations 
used. 

3. In plants in which 2,4-D induced 
complete inhibition of grossly visible 
buds, the initiation of bud primordia in 
the upper portion of the hypocotyl was 
also completely inhibited. Although buds 
present in the lower portion of the hypo- 
cotyl at the time of application were 
usually inhibited, occasionally one or 
more of them did develop, indicating 
suppression rather than complete _in- 
hibition. 

4. The gross and microscopic findings 
pertaining to these phenomena are simi- 
lar for both 2,4-D and indoleacetic acid, 
although the concentration of 2,4-D nec- 
essary to induce any particular syndrome 
was less than that required of indole- 
acetic acid. 

5. The physiological state of the treat- 
ed plants is an important factor in de- 
termining response (as measured by sur- 
vival and bud counts) to any particular 
concentration of 2,4-D. 

6. It is postulated that the surface area 
available for entrance of a growth-regu- 
lating substance (designated as “‘presen- 
tation area’’) is a factor in determining 
the degree of response to that substance. 

7. Carbowax 1500 was invariably fatal 
to the decapitated hypocotyl, inducing 
whitening and dessication of the tissues; 
it was not grossly harmful to unwounded 
flax organs. 
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EFFECTS OF SEVERAL PLANT GROWTH-REGULATORS ON FRUIT SET, 
YIELD, AND BLOSSOM-END ROT OF SIX TOMATO VARI- 
ETIES GROWN UNDER HIGH TEMPERATURES' 


WENDELL R. MULLISON AND ETHEL MULLISON 


Introduction 


The problem of flower abscission is one 
which may arise when tomatoes are 
grown in areas where the night tempera- 
tures are high (6, 7, 8). Abscission occurs, 
in our experience, when the mean mini- 
mum night temperature does not fall be- 
low 78° F. and the minimum day tem- 
perature is 83°F., rising to go° F. or 
above. The plants make excellent vege- 
tative growth under such conditions but 
fruits. Those which do form 
usually fail to enlarge properly. The 
numbers of fruits which set and the ex- 
tent to which they enlarge vary consid- 
erably with the variety. In fact, much 
can be done toward the production of 
marketable fruits under such conditions 
by the choice of proper varieties. 


set few 


The present work was done at Cura- 
cao, a tropical island in the Dutch West 
Indies. Here the problem of flower ab- 


‘This work was done in the summer of 1946 
while the authors were employed by the Curacaosche 
Petroleum Industrie Maatschappij (Dutch Shell 
Oil Co.) at Curacao, Netherlands West Indies. 
Thanks are due the management of C.P.I.M., 
Director A. Troost in particular, for permission 
to publish these results. 


scission of tomatoes was encountered 
during the hot seasons. Several plant 
growth-regulators were tested to deter- 
mine whether they could be of use in 
solving this problem. This was also 
thought to be an interesting study be- 
cause of conflicting results which had 
been obtained in their use in the field and 
under greenhouse conditions. 

In a preliminary experiment using two 
tomato varieties, Pearson and Pritchard, 
and five growth-regulators—indolebutyr- 
ic acid, beta-naphthoxyacetic acid, para- 
chlorophenoxyacetic acid, 2,4-dichloro- 
phenoxyacetic acid (2,4-D), and alpha 
(ortho-chlorophenoxy) propionic acid? 
it was found that some of the treated 
plants produced over twice the yield ob- 
tained from the untreated controls. Re- 
sponse to indolebutyric acid was least, 
and, although the plants treated with it 
yielded more than the controls, it was 
not used in the later work, as space was 
limited. Since the two varieties gave dif- 
ferent results, a number of varieties were 
grown in later tests. 

2This chemical 


was furnished through the 


courtesy of Plant Products Co., Eatondale Avenue, 
Blue Point, N.Y. 








Material and methods 

The responses of six varieties of toma- 
to to four growth-regulators were studied 
with respect to amount of early yield, 
fruit size and quality, and occurrence of 
blossom-end rot. Three varieties were of 
the indeterminate type of growth: 
Indiana Baltimore, Michigan State Forc- 
ing, and Pan America; the other three 
were determinate: Pearson, Pritchard, 
and Victor. Seeds were planted on May 
20, 1946, in flats filled with sand, and 
seedlings were transplanted, when about 
5 inches high, into the experimental beds 
on June 20. Eight plants of each variety 
were used in each of five treatments, in- 
cluding the controls. The indeterminate 
plants were staked and pruned to one 
stem; the determinate ones were neither 
staked nor pruned. All were grown in 
full sun. 

A gravel-culture technique was used. 
The beds, each 8 X 3 feet in area and 7 
inches deep, were flooded automatically 
four times daily with a nutrient solution 
which had been developed to give good 
results under tropical conditions. The 
water used in making the nutrient solu- 
tion contained 300-400 p.p.m. of chlo- 
ride, but as the plants used water, the 
chloride concentration increased to 1000 
p.p-m. Previous experience indicated 
that the use of chloride concentrations 
of the latter magnitude tended to result 
in small fruits and greater incidence of 
blossom-end rot. This partially explains 
the high values for these items shown in 
the data for the controls. 

The four growth-regulators were made 
up in aqueous solution in the following 
concentrations: 


Para-chlorophenoxyacetic acid 75 mg./I. 
2,4-Dichlorophenoxyacetic acid 10 mg./I. 
Beta-naphthoxyacetic acid ... . 100 mg./I1. 
Alpha (ortho-chlorophenoxy) pro- 

pionic acid 100 mg./I. 
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In preparing these solutions, the com- 
pounds were first dissolved in 5 ml. of 
denatured 95% ethyl alcohol; then water 
was added to make a liter. The concen- 
trations used were chosen after consult- 
ing pertinent literature (1, 2, 3, 5 9» 10). 

A DeVilbiss atomizer, no. 261, was 
used to apply the spray to the flowers. 
The beds were examined every second 
day, and the flowers were sprayed once 
when fully opened. 


Results 


Data on yield and blossom-end rot 
were recorded. Harvest data were based 
on the yield from August 28, 1946, 
through September 25, 1946, a period of 
28 days. The results are summarized in 
table 1. 

Almost al] the fruits produced after 
applications of the chemicals were of 
marketable quality. Some leaf modifica- 
tion was brought about by 2,4-D, para- 
chlorophenoxyacetic acid, and_beta- 
naphthoxyacetic acid. However, even 
with leaf modification, the early fruit 
yield was apparently not impaired. 

Measurements of the rate of enlarge- 
ment of fruit which developed from 
blossoms sprayed with the growth-regu- 
lators were made. The data showed that 
the rate of enlargement, particularly in 
the early stages of fruit development, 
was much faster in treated fruits than in 
untreated controls. 

The various treatments brought about 
the favorable effects generally of in- 
creased fruit size and increased yield. 
Para-chlorophenoxyacetic acid and beta- 
naphthoxyacetic acid, however, induced 
particularly outstanding results. With 
most varieties the former was more effec- 
tive, but with others the latter was bet- 
ter. 2,4-D and alpha (ortho-chlore- 
phenoxy) propionic acid induced only 
slightly better results in treated plants 





vas 
-TS. 
ynd 


nce 


rot 
sed 
)40, 
1 of 
1 in 


iter 
> of 
fica- 
ara- 
eta- 
ven 
rut 


irge- 
rom 





egu- 
that 
ry in 
ent, 
un in 


bout 
fF in- 
rield. 
beta- 
luced 
With 
effec- 
; bet- 
\lore- 

only 


ylants 





1 


TABLE 


DATA 


AND BLOSSOM-END ROT 


HARVEST 








}O1 pus WOsso]q A 


t 
a ("wia3) 
Zz IZ1S Wn IBIIAY 
(w3) Juryd 
4od ppa1ad BRIIAY 

e 101 PUd-WOSso]q 

7. 

< wid) 
a 9218 JNJ) IBIIAY 
w3) yueyd 
dad platé azeua. Ay 

a 101 puad Wosso]q 


wa 
VZIS VIN) IRIVAY 


Io P.P.M.) 


w3) juryd 
jad Plath aze02. Ay 












x 101 pua-Wosso]q 
o. 
ns Ss 
sy es sins wa 
om & IZIS JNI} IBBIIA 
ty * ‘ F \ 
x wa) qurjd 
Ps Jad paid aseiaay 
« _ 101 PUa-WOSsO[q 
= a 
Ege , 
= & O (uls 
ame azis Way Iva 
+S vs yn} AY 
a ae 
<%& 
Rr < (ws) yuryd 
a”™ jad plait azeiaay 
oe na }01 pUua-Wosso[q 
aa 
- & 
s a 
= wi) azis 
™ 4 yy WRBIIAY 
z&8 
< ¢ (ws) yuryd gad 
a P[PTA aseiaay 
~ 
m 
> 


mon 
~ OD 
mem 
o MO 
oO Ast 
pias 

2 9 0 
TMS 
mm MN 


Ins 
~o 
tA 





68 


7 
° 
I 


4 
5 
Ss 


= a 
SRS 
+ 

coo So 
mms 
coon 


to 
Ome 
Ce mt os 
ween aa 
man 
mw 
4S 
tt 
506 
= 


ite Forcing 





a Baltimore 


ce 
& E 
s< 
= 8 
= S 
AA 





of indetermi 


Average 


49 


62 


<7 


45 


38 


236 


nates 


48 


04 


85 


610 


24 


110 


42 944 


45 
40 


SI 


~) 
L 


ae) 
os 


49 


200 





44 


Oo1 


49 


/ 


60 


59 


° 


5 


5904 


68 


Victor 


Average of determinates 


ww 


392 


6! 


Nn 
re) 


N 
in 


a4 


63 


5090 


Average of all varie 


48 


49 


we 


409 


™ 
w" 


7 49 380 


5607 


48 


402 


ties 








504 BOTANICAL GAZETTE 


than were obtained in untreated con- 
trols. 

There were widespread differences 
among the varieties in response to the 
treatments. In general, the size of the 
determinate fruits was not increased so 
much as that of the indeterminates in re- 
sponse to the growth-regulators. The in- 
crease in size of treated fruit from in- 
determinate plants was so marked as to 
result in marketable fruits in many cases 
as against fruit too small to market from 
the control plants. 

In general, the indeterminate varieties 
responded more to treatment than the 
determinate ones with respect to total 
yield, although in each type the total 
yield of treated plants was greater than 
in the controls. Among the indetermi- 
nates, increases in yield of as much as 
three times that of the controls were in- 
duced in certain cases by para-chloro- 
phenoxyacetic acid. 

There was no consistent over-all cor- 
relation between the various treatments 
and the occurrence of blossom-end rot. 
With some varieties (e.g., Indiana Balti- 
more) the treatments lessened the inci- 
dence of the disease. Yet with Victor 
there was just as definite a trend in the 
opposite direction. In general, however, 
the incidence of blossom-end rot seemed 
to be reduced by the application of 
growth-regulators among the _ indeter- 
minate varieties and increased among the 
determinate varieties. There is one promi- 
nent exception to this statement: Pear- 
son, a determinate type, had its incidence 
of the disease greatly lessened by the 
treatments. 

Discussion 

The effects of high constant tempera- 
ture noted here correspond well with the 
results of WENT’s studies (6, 7, 8) on 
tomato growth under eontrolled envi- 
ronmental conditions. He found that 
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fruit production in the tomato required 
a night temperature below 25°C. The 
authors independently came to the same 
conclusion from field studies. Night tem- 
perature seems to be a limiting factor in 
commercial tomato-fruit production. A 
temperature either too high or too low 
prevents fruit set and development. 

The data indicate that there is some 
causal factor in the occurrence of blos- 
som-end rot other than an excess or defi- 
cient water supply; the latter is usually 
first mentioned as its cause. LYON ef al. 
(4) mentioned other factors which have 
been correlated with the incidence of 
this disease. In the work reported here 
many such factors were kept as constant 
as was practical, particularly the water- 
ing, mineral nutrition, osmotic concen- 
tration of the nutrient solution, and the 
insecticidal and fungicidal spray pro- 
gram. The data, however, show a very 
striking correlation between the inci- 
dence of blossom-end rot in particular 
varieties and the application of certain 
growth-regulators. That there are great 
differences among tomato varieties in 
their susceptibility to blossom-end rot is 
well known. Perhaps the varietal differ- 
ences with relation to this phenomenon 
are correlated with hormonal mecha- 
nisms. 

It should be remembered that the beds 
were sprayed every second day. This was 
too often. The work was done in a com- 
mercial fashion, no attempt being made 
to shield the remainder of the plant from 
the spray. Thus, there were leaf modifi- 
cations brought about by certain treat- 
ments. In preliminary experiments in 
which the flowers were sprayed only twice 
a week, no leaf modification was noted, 
even when 2,4-D was used. In these pre- 
liminary experiments all the tomato 
fruits were cut open and examined for 
unfilled cavities and uneven ripening. A 
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few had cavities, but very few had green 
spots in the ripe fruit. This was also true 
in the main experiment, so that after sev- 
eral random samplings all subsequent 
fruit harvested was marketed. It is inter- 
esting that practically no malformed 
fruit developed when the growth-regula- 
tors were applied in a spray. 

Under these conditions, which were 
unfavorable for the setting of fruit on 
tomato plants, the use of growth-regula- 
tors did bring about an increase in size 
and yield. Whether growth-regulators 
would induce such results under field 
conditions favorable for fruit set has not 
been finally determined. It would seem, 
however, that the use of certain chemi- 
cals to bring about the setting of fruit in 
the field might be commercially practical 
under climatic conditions similar to those 
described here. There are also localities 
in the United States where the first flow- 
er cluster often abscises owing to cold, 
cloudy weather; the use of growth-regu- 
lators might change this condition. This 
would be particularly desirable in ob- 
taining a good set on the first and second 
flower clusters for early yield of tomatoes 
grown on truck farms in such areas. 
Since growth-regulators induce an in- 
crease in tomato fruit set under condi- 
tions of high temperature which are un- 
favorable for normal fruit production, it 
would seem quite likely that they could 
do the same thing under conditions of 
low temperature which are unfavorable 
for fruit set. 


Summary 


1. Under conditions of high night tem- 
perature many tomato flowers normally 
failed to set fruit. When flowers were 
sprayed with certain growth-regulators 

para-chlorophenoxyacetic acid, beta- 
naphthoxyacetic acid, 2,4-dichlorophe- 
noxyacetic acid (2,4-D), and alpha (or- 


505 
tho-chlorophenoxy) propionic acid—a 
higher total yield and larger fruit size 
were obtained than were produced by 
controls. Results in certain cases were 
very striking. 

2. There was great varietal variation 
in response to the treatments with re- 
spect to fruit size, total yield, and inci- 
dence of blossom-end rot. In general, the 
indeterminate tomatoes seemed to be 
more responsive to the treatments than 
the determinates, both with respect to 
increases in fruit size as well as in total 
yields. 

3. Considering all varieties together, 
no consistent correlation was found be- 
tween application of growth-regulators 
and incidence of blossom-end rot. Con- 
sidering individual varieties, however, 
there was a marked correlation, enough 
to suggest the possibility that hormonal 
mechanisms may be involved with this 
phenomenon. Growth-regulators affected 
the incidence of blossom-end rot both 
positively and negatively, depending on 
the tomato variety and the chemical 
used. 

4.  Para-chlorophenoxyacetic acid 
brought about, in general, the best fruit 
set and subsequent fruit development, 
with beta-naphthoxyacetic acid second. 
With several varieties, however, the lat- 
ter was the more effective. The third 
most effective was 2,4-D, this being bet- 
ter than alpha (ortho-chlorophenoxy) 
propionic acid; the plants treated with 
the latter compound yielded slightly 
more than the controls. 


5. Of the tomato varieties studied, 
whether the plants were treated or not, 
the determinate type was superior to the 
indeterminate for fruit production during 
the tropical hot season. 

BIOCHEMICAL RESEARCH LABORATORY 


Dow CHEMICAL COMPANY 
MIDLAND, MICHIGAN 
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INFLUENCE OF TOXIC CONCENTRATIONS OF MICRO-NUTRIENT 
ELEMENTS IN THE NUTRIENT MEDIUM ON VITAMIN 
CONTENT OF TURNIPS AND TOMATOES! 


ee 


Introduction 

During recent years extensive experi- 
ments have been conducted at this labo- 
ratory to measure the influence of miner- 
al nutrition on the vitamin content of 
various plants. HAMNER et al. (2, 8, 12) 
have shown that large variations in rela- 
tive concentrations of calcium, potas- 
sium, magnesium, nitrate nitrogen, sul- 
fate, and phosphate in the nutrient medi- 
um do not result in any marked changes 
in the ascorbic acid or carotene content 
of either turnip greens or tomatoes, al- 
though the treatments ranged from defi- 
concentrations of the 


cient to toxic 
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macro-nutrient elements and were as- 
sociated with marked differences in the 
growth of both plants. Although Lyon 
et al. (22, 23, 24) found iron-deficient 
tomatoes to contain 26.1+0.55 mg. of 
ascorbic acid per 100 gm. fresh weight of 
fruit as compared with a value of 
20.0+0.46 for controls, severe deficien- 
cies of manganese, zinc, copper, boron, 
or iron supply were not, in general, as- 
sociated with variations in ascorbic acid, 
riboflavin, or provitamin A content. In 
these and other experiments (11, 14) the 
influence of mineral nutrition was con- 
siderably less than that of certain other 
environmental factors (particularly one 
or more aspects of climate) in determin- 
ing vitamin content. 

It is the purpose of this paper to eval- 
uate the influence of relatively high con- 
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centrations of micro-nutrient elements in 
the nutrient medium on the vitamin con- 


‘tent of turnip greens and tomatoes. The 


growth and development of turnips and 
tomatoes in sand culture were measured, 
and thiamine, niacin, riboflavin, and 
ascorbic acid contents were determined. 


Material and methods 


The basal nutrient solution used in 
these experiments was that shown by 
BERNSTEIN ef al. (2) to be optimal for 
growth of turnip greens and by HAMNER 
et al. (12) to be near-optimal for growth 
of tomatoes. It had the following compo- 
sition in terms of milli-equivalents of 
macro-nutrient elements per liter: cal- 
cium, 12.0; potassium, 4.5; magnesium, 
9.0; nitrate, 17.5; phosphate, 2.8; and 
sulfate, 5.7. It also contained the follow- 
ing concentrations of micro-nutrient ele- 
ments in terms of parts per million: B as 
H,BO;, 0.5; Mn as MnCl,, 0.5; Zn as 
ZnSO,, 0.05; Cu as CuSQ,, 0.02; Fe as 
KeCoH,O,, 5.0; and Mo as (NH,),.MoO,, 
0.05. 

Several preliminary experiments were 
conducted in the fall of 1942 and the 
spring of 1943 to determine the maxi- 
mum concentration of each micro-nutri- 
ent element that could be used without 
completely inhibiting growth. Although 
the results of preliminary investigations 
are not reported in detail, the following 
concentrations (in p.p.m.) of the various 
micro-nutrient elements were indicated 
as approximately maximum for our pur- 
poses for both plants: Mn, 100; Zn, 100; 
B, 60; Mo, 100; Cu, 50. Iron treatments 
were exceptional in that no toxicity 
symptoms were evidenced by either 
plant when supplied with 150 p.p.m. of 
iron in the nutrient medium. Precipita- 
tion of iron occurred in the nutrient when 
iron concentrations in excess of 150 
p.p.m. were used. Thirty treatments in- 
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volving five different concentrations of 
each element were then used in the more 
extensive investigations on both plants. 

The design of the experiment was that 
of a randomized block (9). Each replica- 
tion consisted of two adjacent crocks, 
and each treatment was randomized 
within a block by the use of TrppPett’s 
randomization tables (34). Thus, the 
mean of ten plants is used as an estima- 
tion of the results produced by a given 
treatment. 

In the first experiment, seed of the 
Shogoin variety of turnips were planted 
in the greenhouse on May 15, 1943, in 
flats containing pure quartz sand. A com- 
plete nutrient solution (12) was used dur- 
ing germination and the seedling stage. 
On June 4, when the plants were 20 days 
old and approximately 3 inches tall, uni- 
form seedlings were transplanted out- 
doors into 2-gallon glazed crocks con- 
taining pure quartz sand, one seedling 
per crock. They were watered-in with 
distilled water and immediately supplied 
with their respective nutrient treat- 
ments. The crocks were alternately 
flushed with distilled water and supplied 
with their respective nutrient treatments 
on successive days. 

Beginning on June 30, one complete 
block (one replicate of each of thirty 
treatments) was harvested per day for 
ease of accomplishing vitamin analyses. 
Thus, replicate differences are confound- 
ed with time of harvest. Data for the 
number of leaves, total length of leaves, 
and total fresh weight of tops were re- 
corded for each plant. The longest fully 
expanded leaf from each plant was used 
for analyses of ascorbic acid and ribo- 
flavin. The midrib was removed, and one 
half of the leaf was immediately extract- 
ed for ascorbic acid analysis, the remain- 
ing half being extracted in the fresh con- 
dition for riboflavin analysis. The second 
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longest fully expanded leaf was dried at 
65° C. for 4 days in a forced-draft oven, 
the dry weight recorded, and samples 
taken for niacin, thiamine, and selected 
mineral analyses. The root systems were 
washed as free from sand as possible, 
dried, and separated from sand particles 
by pulverizing the dried material with 
adhering sand and separating these com- 
ponents by a current of air. 

In the tomato experiment, seed of an 
inbred strain of the Bonny Best variety 
was planted in flats in the greenhouse on 
May 15, 1943. The plants were supplied 
with basal nutrient solution during ger- 
mination and the seedling stage. On June 
12, when they were approximately 3 
inches tall, uniform seedlings were trans- 
planted into 2-gallon glazed crocks con- 
taining pure quartz sand, one seedling 
per crock. They were watered-in with 
distilled water and immediately supplied 
with their respective nutrient treat- 
ments. At this time all plants were placed 
outdoors and were trained upright. All 
axillary growth was pruned off twice 
weekly. The fruits were harvested on 
August 26 and 27, all copper treatments, 
for instance, being harvested on one day. 
Thus, in this experiment, replicate differ- 
ences are not confounded with time of 
harvest. 

The first four fruits to mature on each 
plant were analyzed for ascorbic acid 
content. In general, the first fruits from 
the various plants, regardless of treat- 
ment, tended to mature at the same time 
as did also successive fruits. Thus, by 
grouping results of ascorbic acid analyses 
on the first fruits per plant and compar- 
ing them with all fourth fruits, essential- 
ly another measure of environmental in- 
fluence—time of maturation—is avail- 
able in the experiment. 

The fungus-growth thethod (13) was 
used for all thiamine analyses with de- 
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terminations made in sextuplicate. Ribo- 
flavin was determined by SNELL and 
STRONG’s microbiological method (33) 
with duplicate determinations per sam- 
ple. The chemical method was used in 
determining ascorbic acid with a modifi- 
cation described by More tt (26). The 
aliquot, however, was titrated to an end 
point with standardized dye. Niacin was 
determined by the method of KREHL ef 
al. (19) with duplicate determinations 
per sample. 

Mineral determinations were made by 
the following methods: zinc, CowLinc 
and MILLER (5); iron, SAYWELL and 
CUNNINGHAM (31); copper, COULSON 
(4), with modifications suggested by 
DRABKIN (6); molybdenum, Marmoy 
(25), with modifications suggested by 
ROGERS (28); boron, the 1,1’-dianthri- 
mide method of Ettis et al. (7); and 
manganese according to the Official 
method (1). The analyses were made on 
unwashed leaf material dried at 65° C. 
and ground with mortar and pestle. 


Results 

Analyses of variance were computed 
for each individual character (32). The 
results for both turnips (table 1) and 
tomatoes (table 2) show statistically sig- 
nificant differences between treatments 
to be inherent in the data. Although en- 
vironment as measured by replication 
also produced significant differences in 
such characters as dry-weight accumula- 
tion in the turnip experiment, replication 
differences were measured and not in- 
cluded in intertreatment comparisons. 
Thus, valid differences which can be di- 
rectly ascribed to treatments exist in 
both experiments. 

It is clear from tables 1 and 2 that iron 
treatments used in these experiments 
were not associated with significant dif- 
ferences in any of the characters ex- 
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amined; however, there was a highly sig- 
nificant inverse relationship between the 
concentrations of copper, boron, man- 
ganese, zinc, or molybdenum supplied in 
the nutrient medium and the growth of 
turnips or tomatoes (figs. 1, 2, 3). Fur- 
thermore, in the turnip experiment, as 
the concentration of these micro-nutri- 
ents was increased in the nutrient medi- 
um, the leaves were smaller and fewer in 
number. Also the percentage of tops or 
TABI 


RESULTS OI FOR GR( 


ANALYSES OF VARIANCE 
F VALt 


CHARACTERISTI( Between treatments® of 
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leaves in the whole plant decreased. 
Similarly, fruitfulness in tomatoes was 
severely impaired with respect to both 
number of fruit and leaflets per plant and 
average size of fruit and leaflets in treat- 
ments receiving more than the normal 
quantity of these elements. 

Dried plant samples were analyzed for 
selected micro-nutrient elements, and it 
is apparent (table 3) that statistically 


significant differences between treat- 
E 1 

\WTH CHARACTERISTICS OF TURNIP PLANTS 

Es FROM ANALYSIS OF VARIANCE 


Between replications? o 


B Cu Fe Mn Mo Zn B Cu Fe Mn Mo Zn 
Fresh weight of tops . 1.78*! 87.457 2:00 | 7.74" 13.29*| 23.65*, 0.62 1.76 °. 38 1.48 } 1.58 
Dry weight of tops 4.62*| 56.35%} 2.06 | 2.17 9.427] 37.587] 1.53 | 4.09" | 4.25" | 4.02 I4 1.53 
Fresh weight of roots 9.68* 8 62*) 2.17 4.84* | 13.60*, 28.62*) 1.81 | 1.69 4.93* | 5.50* 34 1.15 
Dry weight of roots 17.10*| 15.95* 2.43 4.76* | 10.02*| 37.90* 2.40 +. 46* 3.31 4.49" 53 1.37 
Total fresh weight of plant 52*, 80.15* 1.54 | 7.20% | 17.87*| 33.67%, 1.22 | 3.57 24 3.76 4.00 I. 50 
Total dry weight of plant 7.51*| 56.10*| 2.69 | 8.12* | 15.65*| 49.65* 1.8 5.73" | 5.41* | 4.66* | 8.48 1 89 
Tops as percentage of 
whole plant 2 98 5.127 1.79 2.97 40 ¢ °. 99 0.87 °. 28 I4 °) o.61 
Percentage dry matter in 
tops I 00 1.45 0.75 4. 93* 31*| 0.40 47 2.78 1.76 14.037 ©.95 
Number of leaves 2.09 17. 89* 1.1! :.as8 8.50*| 18.97* ©.92 2.17 1.34 1.12 2.14 1.29 
Leaf measurements 3.27 | 35.34 2.82 | 2.16 10.84*) 32.00*, 1.34 | 4.25* | 0.81 1.28 1.21 0.35 
+ Four degrees of freedom are available for this statistic; forty degrees of freedom are available for error variance 
Highly significant; when F = 3.83, P=0.01 
TABLE 2 
RESULTS OF ANALYSES OF VARIANCE FOR CHARACTERISTICS OF GROWTH 
AND FRUITFULNESS OF TOMATO PLANTS 
F VALUES FROM ANALYSIS OF VARIANCE 
CHARACTERISTIC Between treatments® of Between replications? of 
B Cu Fe Mn Mo Zn B Cu Fe Mn Mo Zn 
Vegetative growth 
Height of vine 14.16*, 49.50*, 0.04 7.00*| 73.48*| 78.70*| 1.01 $28 | @:32 0.03 O.92 1.30 
Fresh weight of vine 73.80* 76.70*| 0.94 8.24*) 21.22*| 85.59*| 1.08 0.84 | 1.36 0.31 0.86 1.19 
Dry weight of vine 234.24*, 83.47*| 0.34 | 11.46*| 21.73*| 38.36*| 6.94* 1.69 | 0.62 °.60 °. 16 0.31 
Percentage dry matter 9.38*| 4.63*| 0.92 3.64 | 18.97*| 3.47 | 0.72 0.96 | 0.67 0.62 1.84 °.43 
Dry weight of roots 104.41*, 35.48*| 2.72 | 30.98*/136.44* 26.70*| 2.82 1.62 | 1.48 0.40 1.4! 2.40 
Fruitfulness: . ; 
Total weight of ripe fruit 32.85*, 46.90*| 0.06 | 60.33*)/228.49*| 61.74*| 0.56 © 44 | 0.03 0.89 0.19 1.95 
Number of ripe fruit |} 5.10%) 15.89*| 1.26 | 26.50*|110.30*| 21. 10*| 0.89 8 | 3.06 I.go 0.70 0.40 
Average weight of ripe | 
_ fruit.. | If. o©*|/278.29*| 1.30 | 22.70*) 46.80*| 16 21*| 0.52 2.17 | 2.76 2.74 1.55 1.50 
Total number of imma 
ture fruit 24.20*| 16.40*| 1.81 | 28.50*| 50.60*| 19. 20*| 0.00 1.20 | 1.96 1.40 3.90* ©.04 
Total weight of imma 
ture fruit 6.50* 27.98*| 1.26 | 59.90* 105 40*| 44.22*| 0.01 ©.72 | 0.72 |16.20* | 1.00 0.69 


a Four degrees of freedom are available for this statistic; forty 
* Highly significant; when F =3.83, P =o0.01. 


degrees of freedom are available for error variance 
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ments are inherent in the data. Although 
differences in environment between ex- 
perimental replicates were associated 
with significant differences in chemical 
composition in three cases, the magni- 
tude of chemical differences associated 














Results of the chemical analyses are 
presented in figure 4. When the concen- 
tration of any micro-nutrient element 
was increased in the nutrient medium, 
both the tomato and the turnip plants 
accumulated it in their vegetative parts. 
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plants. : 
with different environments was not It is interesting that the concentrations 


great. Although plants supplied with rel- 
atively high concentrations of iron in the 
nutrient medium showed no external 
toxicity symptoms and were comparable 
with control plants with respect to char- 
acters of growth and fruitfulness, the 
highly significant F values between 
iron treatments denote significant differ- 
ences in iron content of‘vegetative plant 
parts. 


of some of the elements were increased a 
thousand fold or more in the plant tis- 
sues, although the accumulation of iron 
was considerably less. There seems to be, 
also, no consistent relationship between 
the concentration of micro-nutrients sup- 
plied and the concentration in plant 
tissues. For instance, a thirty-fold in- 
crease in the concentration of iron sup- 
plied to turnips was associated with less 
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than a twofold increase in the iron con- instance, more than a thousand-fold in- tu 
centration in the leaves. A fivefold in- crease in molybdenum concentration in Pe 
crease in manganese supply to turnips leaflets occurred. The data also show vi 
resulted, however, in a fifteen-fold in- that, at the higher levels of supply, the In 
crease in the manganese concentration rate of accumulation within the plant th 
in the leaf. Perhaps the greatest accumu- decreases as the level of supply is in- th 
lation rate was evidenced by a compari- creased. su 
son of tomato plants supplied with 0.05 The data for thiamine, niacin, ribo- tr 
and 25.05 p.p.m. of molybdenum. In this flavin, and ascorbic acid contents of p. 
co 
TABLE 3 ou 
RESULTS OF ANALYSES OF VARIANCE FOR ANALYTICAL DATA CON- tel 
CERNED WITH CHEMICAL COMPOSITION OF TURNIPS AND Ine 
TOMATOES. F VALUES ARE PRESENTED de 
th 
BETWEEN TREATMENTS BETWEEN REPLICATIONS co 
MicrRo-NUTRIENT 
ee 60 
Sail Tomato Turnip Tomato } Turnip . 
leaflets leaves leaflets leaves SU, 
Boron sia 22-22" 48.22* 3-47 3-16 
Copper 14.02* 2.02 i? 
Iron. 22.25* 16.01* 6.82* | 0.42 fla 
Manganese 103.5 * Ce Mle 2.56 4.30* +} 
Molybdenum S163" 124.8 * 2.65 2.04 Ww 
Zinc : ( It.g2* Qo.72" 4.02* 3-35 sig 
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turnip greens are presented in table 4. 
Perhaps the most striking differences in 
vitamin content were achieved by alter- 
ing the boron and manganese content of 
the nutrient medium. A 39% increase in 
the thiamine content of turnip greens re- 
sulted from increasing the boron concen- 
tration in the nutrient medium to 15.5 
p.p.m. A further increase in the boron 
concentration in the medium was with- 
out significant effect on thiamine con- 
tent. The niacin content was significantly 
increased, while the ascorbic acid content 
decreased with increments of boron in 
the nutrient medium. The highest niacin 
content resulted from the use of 45.5 or 
60.5 p.p.m. of boron in the nutrient 
supply. 

As the manganese concentration in the 
nutrient supply was increased, the ribo- 
flavin content of turnip greens increased, 
while the ascorbic acid content decreased 
significantly. Also, 100.5 p.p.m. of man- 
ganese in the nutrient supply resulted in 
a significant increase in niacin content. 
However, the treatment with 75.5 p.p.m. 
of manganese had no significant effect on 
the niacin content of greens when com- 
pared with the control treatment. 

Several other consistent and _ signifi- 
cant trends in vitamin content can also 
be associated with treatment effects. In- 
creased concentrations of molybdenum 
in the nutrient medium resulted in in- 
creased thiamine and niacin content of 
turnip greens. The highest concentra- 
tions of zinc employed were associated 
with the maximum riboflavin values in 
the experiment. The ascorbic acid con- 
tent was less with increased copper sup- 
ply. 

Some other significant differences in 
vitamin content should be noted, al- 
though no consistent trends are obvious. 
The effects of iron, molybdenum, and 
copper supplies on riboflavin content of 
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turnip greens are of interest. In these in- 
stances a unimodal curve is obtained by 
plotting vitamin content against nutrient 
supply. The association of the two vari- 
ables is certainly obscure, yet significant 
differences in the vitamin content of 
greens resulted from treatment. 

The results of the analyses of variance 
for the tomato experiment are presented 
in table 5. Treatments with variable sup- 
plies of boron, copper, manganese, and 
molybdenum were associated with statis- 
tically significant differences in ascorbic 
acid content of tomatoes. In some few 
instances valid differences exist in the 
data which are primarily attributable to 
the influence of environment as measured 
by replication or by fruit-number dif- 
ferences. 

The ascorbic acid content of tomatoes 
in various treatments is given in table 6. 
An increased supply of boron, manga- 
nese, or molybdenum in the nutrient 
medium resulted in tomato fruits with 
lower ascorbic acid values. As the copper 
concentration in the nutrient medium in- 
creased, however, tomatoes with signifi- 
cantly higher ascorbic acid content re- 
sulted. Differences as high as 65% in 
ascorbic acid content are demonstrable 
between copper treatments. 

Although statistically significant dif- 
ferences in ascorbic acid content are 
demonstrable between blocks, the mag- 
nitude of these differences is considerably 
less (table 7) than those associated with 
treatment. In no case do the differences 
associated with replicates exceed 16%. 


Discussion 


It should be emphasized that plant 
growth in these experiments was consid- 
erably affected by the treatments em- 
ployed, with the exception of the iron 
series. The toxic treatments of copper, 
zinc, molybdenum, boron, and manga- 





TABLE 4 
VITAMIN CONTENT OF TURNIP GREENS GROWN IN VARIOUS TREATMENTS 
THIAMINE NIACIN RIBOFLAVIN ASCORBIC ACID 
TREATMENT | | 
>.P.M.) | F Mg. - 
ee y/gzgm. No. of y/gm. No. of | >/gm. | No. of ™ No. of 
e 10° gm. 
dry wt. analyses dry ‘wt. analyses fresh wt. analyses hk analyses 
? . fresh wt. 
Boron 
0.5 5.84 60 67-2 9 4.36 20 225 10 I 
15.5 8.13 51 112.8 9 4-37 18 201.2 9 2 
30.5 9.41 56 bart 8 4.15 18 200.4 10 3 
45-5 8.94 59 149.4 10 3-94 20 77.2 10 5 
60.5 9.78 50 142.3 8 4.08 18 177-3 9 
25." (1.159) (22.04) (0. 600) (34.99) 
Manganese 
0.5 6.10 57 88.4 10 3-7! 20 212.2 10 4 
25.5 6.09 590 95-1 10 4.16 19 198.2 10 7 
50.5 5-53 37 g2.1 9 4.26 18 1760.9 9 iI 
75-5 c92 60 05:2 9 4.40 18 180.2 10 Vy) 
100.5 5.96 59 123.0 9 5.O1 20 157.1 10 
I 
L.S.D." (0.807) (14.63) (0. 563) (29. 29) 
Molybdenum ne 
an 
0.05 6.18 60 go.0 9 3.90 20 216.1 10 ve: 
25.05 6.31 35 85.5 (e) 4.00 20 211.8 10 ‘ 
50.05 6.51 50 97.0 8 5.0! Is 229.0 10 Wa 
75.05 7.05 56 119.6 7 4.06 20 2160.3 10 ful 
100.05 7.68 66 118.3 10 4.37 20 203.0 10 ly 
ol 
L.S.D (1.112) (22. 10) (0. 570) (26.63) dai 
wh 
Zinc the 
the 
0.05 6.25 63 o§;3 (9) 3.51 20 210.5 10 thi 
25.05 5-40 50 7720 9 3.85 20 257-9 10 
50.05 5.65 45 71.0 10 3.79 20 204.0 10 pos 
75.05 5.30 39 84.5 10 4.03 18 209 .6 8 cen 
100.05 4-92 20 78.9 9 5.01 14 212.6 10 
| me 
| anc 
LSD:* (1.476) (21. 26) (0. 490) (49. 29) aN; 
| ser] 
REE a ae TITS a In ; 
* L.S.D.—Denotes least significant difference between treatments calculated from analysis of variance which satisfied require 
ments for odds of 99:1. « this 
con 
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TABLE 4—Continued 
THIAMINE NIACIN RIBOFLAVIN ASCORBIC ACID 
TREATMENT 
>. P.M.) y ‘ Mg . 
pee gm No. of >7/gm. >+/gm No. of ae No. of 
dry wt analyses dry wt. ina fresh wt inalyse 3 a analyses 
, z fresh wt 
Copper 
02 0.25 60 gi .g 0) 3.74 20 210.4 10 
52 6.25 54 86.9 10 4-42 20 221.9 10 
5.02 5-72 43 Q2.7 10 4.55 19g Igt.I 10 
52 4.50 26 790.2 8 4.40 ¥2 171.9 9 
02 5.90 16 72.4 8 2.86 8 178.4 9 
LS.D (1.395) (23.99) (0.072) (36. 39) 
Iron 
5.0 6.1 63 82.1 10 4-54 20 230.7 10 
13.0 6.11 50 50.3 10 3.55 20 218.3 5 
77.0 6.71 59 75.0 fe) 3.76 20 229.0 10 
[13.0 6.383 53 99. 9 4.10 17 205.4 9 
147.0 0.29 40 50.5 Ne) 4.31 17 212.4 ra) 
LSD.” (1.314) (21.52) (0. 400) (19.63) 
nese resulted in considerably less fresh- 
and dry-weight accumulation of both TABLE 5 


vegetative parts and root systems than 
was the case with control plants. Fruit- 
fulness of tomato plants was also serious- 
ly impaired. Thus, practical application 
of these results is not warranted. The 
data, however, do indicate some trends 
which merit further investigation from 
the practical standpoint. For instance, 
the association of boron supply with the 
thiamine content of turnip greens has 
possibilities. Apparently, a boron con- 
centration of 15.5 p.p.m. in the nutrient 
medium seriously impaired the extent 
and character of root systems but did not 
seriously affect production of dry matter 
in above-ground vegetative parts. Since 
this treatment was also associated with a 
considerable 


increase in the thiamine 


RESULTS OF ANALYSES OF VARIANCE FOR 
ASCORBIC ACID CONTENT 
OF TOMATOES 


F VALUE FROM ANALYSIS OF 
VARIANCE FOR VARIATION 


BETWEEN 
TREATMENT 

Trea Fruit 

pene now” Blocks 
Boron 11.97* 3.52 |) Gia 
Copper 40.63* 3.31 3.54" 
Iron 0. 36 2.52 2.74 
Manganese 3-75" | 1.38 9.67* 
Molybdenum 17.78* | 3.78 7.78* 
Zinc 1.39 26.79* 2.34 


eFour, three, and efour degrees of freedom are available for 
indicated sources of variation; 113-140 degrees of freedom are 
available in different analyses for error variance 


* Highly significant; satisfying requirements for P =0.01 
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concentration in turnip leaves, the effects 
of boron supply in the nutrient medium 
should be carefully examined with con- 
centrations ranging from 0.5 to 15.5 
p.p.m. It is possible that a smaller incre- 
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severe symptoms (21) invariably con- 
tained the largest quantities of the 
micro-nutrient element under considera- 
tion. Turnip or tomato plants containing 
approximately twice as much iron as 


TABLE 6 
ASCORBIC ACID CONTENT OF TOMATOES IN VARIOUS TREATMENTS. TREATMENT MEANS 
TOGETHER WITH THEIR STANDARD ERRORS ARE GIVEN 


Boron CopPER MANGANESE MOLYBDENUM 
Conc Ascorbic | No. Conc. Ascorbic No Conc. Ascorbic No ( ses Ascorbic No 
supplied eae supplied |“. ay - | supplied pie fe . supplied ppt je ‘ 
in nutrient acid of in nutrient acid - i utrient acid s in nutrient acid a 
a. content analyses | content analyses aries ne content analyses content analyses 
(p.p.m 4 (p.p.m.) (p.p.m.) (p.p.m.) 
0.5 28.1 40 0.0 | 28.84 39 0.5 7.35 40 © 05 28.2 yo 
°.59 0.55 0.49 0.55 
15 27.4 jo 12.52 | 30.902 .| 390 25.5 26.94 te) 25.05 | 27.42 4o 
1.038 | | °o.690 °.49 | °.54 
30 26.44 40 | 25.02 | 40.0+ 33 50.5 24.2+ 37 50.05 24.14 36 
°. 68 | 3.75 0.54 0.98 
24.84 37 37.52 | 42.8+ 25 75.5 21.8+ 31 75.05 15.8+ | 7 
1.06 | 1.49 0.77 | 2.14 
60 21.1 33 50.02 | 46.44 13 100.5 17.4 iI 100.05 22.8+ 3 
°o. 838 | 3.62 1.74 2.29 
* My. per 100 gm 
TABLE 7 
VARIATION AMONG BLOCKS WITH RESPECT TO ASCORBIC ACID CONTENT OF TOMATOES 
TREATMENTS OF 
BLOck Copper Manganese Molybdenum 
No. of No. of , No. of 
Mean + error Mean + error Mean + error 
analyses analyses analyses 
I 36.3+1.78* 30 26.1+0.96 28 28.9+0.97 23 
2 35.321.37 31 26.1+0.62 33 26.0+1.18 25 
3 36.5+1.52 33 25.30.73 34 24.7£1.16 27 
4 32.3+0.98 28 23.9+0.60 33 27.5+0.90 26 
5 38.2+2.43 27 22.2+0.0908 31 23.1+0.86 25 


| 


* All analytical results are in terms of mg./1oo gm. fresh weight. 


ment of boron supply would be associat- 
ed with a similar change in thiamine 
values but with no toxic growth effects. 
The niacin content of turnip greens as 
influenced by boron supply also might 
have practical implications. 

In general, development of toxicity 
symptoms in these experiments (table 8) 
could be correlated with tesults of miner- 
al analyses. Plants exhibiting the most 


control plants failed, however, to devel- 
op any toxicity symptoms, and no signifi- 
cant differences in growth or fruitfulness 
were evident. 

Recently the concept that manganese 
is concerned in the elaboration of ascor- 
bic acid has received some support. This 
concept was first developed from bio- 
chemical studies of liver tissue (29, 30), 
although more recent experiments (3) 





100 








TABLE 8 
TOXICITY SYMPTOMS ON TOMATO PLANTS, JULY 14, 1943 
(Plants had received their respective nutrients for 32 days. Those plants receiving basal solution 
were accepted as normal-in appearance) 
p 
- Supply of 
micro . ° 
: hole ple eaves r » 
“4 nutrients Whole plant Leave Fruiting 
p.p.m.) 
5 
Boron 
Normal size and vege Brown necrotic areas, particularly at periphery of leaflets of Normal]; sepal tips brown 
___ tative characteristics lowermost leaves; some chlorosis in vein islets at top of plant | 
ops good green color Many lower leaves abscised; lowermost leaflets brown and | Fruit small and dull green; 
I ! Many | l t 1; 1 t leaflet 1) 1 ll and dull ¢ 
dead; some chlorosis in leaflets near top of plant | _ sepal tips brown 
*lants smaller; topsap- | Lower five leaves dead; partial abscission of petioles; leaflets at Fruit-setting normal; sepal 
pear normal in color middle of plant necrotic, particularly at periphery, and | tips brown; occurs prior 
and vigor droop with petioles at abnormal! angles; possibly a nastic | to or subsequent to 
condition | anthesis 
Smal] Lowermost leaflets dead; lower two-thirds have necrotic areas; | Fruiting appears normal; 
periphery of young leaflets near top necrotic, brown, and fruits dull green; lac 
ses iried up waxy characteristics 
Copper 
Lower part normal, ex Top leaflets of plants chlorotic in vein islets with general yel Normal! 
cept grayish-green lowing of leaflet near leaf petiole; similar to iron deficiency 
coloration 
Tops yellow Leaflets small; young leaves chlorotic, particularly at leaf peti Fruit size reduced, with 
I F | 
; ole; grayish, light-green color of leaves and stems | _ yellowish color 
Tops yellow Leaflets small with lack of pigmentation, particularly near peti- | Fruit yellow; sepals chlorot 
oles of leaves; lowermost leaflets and petioles purplish in | c; fruit smal] 
; . color 
Tops white; plants Lowermost leaflets light green with purple on backs along | Calyx and corolla whitish 
much smaller veins; petioles also purple; color of leaflets becomes green, 
then yellow at middle, and finally white at top of plant 
Iron 
Normal \llleaflets have grayish-green sheen; lowermost leaves yellow; | Normal 
chlorosis extending to veins and veinlets ; 
Dark greencolor, other Back of leaflets appears to be purple in veins and veinlets Norma] 
wise normal 
Dark greencolor, other Back of leaflets appears to be purple in veins and veinlets Normal 
wise normal 
Normal growth; tops | Brown, spotted necrosis on leaflets of lower two-thirds of plant; | Normal; spotted dark green 
normal color more uniform necrosis on periphery around collar of young 
f ; fruit 
es 
Manganese 
Fair vegetative vigor Uppermost leaves chlorotic with dark green veins and veinlets; | Normal 
vein islets lighter 
Top appears normal Leaflets partially dead on lower part of plant; vein islets chlo Normal; sepals brown 
rotic; brown spots on veins, veinlets, petioles, and stems of 
; ; lower two-thirds of plant 
Definite toxicity; re Lower leaves and leaflets dark green; petioles dull, grayish | Fewer fruit set 
tarded growth brown; stems occasionally black 
Plants very small Vein islets of upper leaves chlorotic; lower leaves mostly dead | Fruit-setting inhibited; 
and leaflets abscised; random browning of lower stem small in size 
vel- . 
nifi- Molybdenum 
ness : , i : 
Tops normal Leaflets on lower two-thirds of plant golden yellow Normal 
Plant gold in color, | Lowermost leaflets abscised; leaflets have golden brown necrot Small fruit; lower portion 
some green in top ic areas; petioles a golden reddish tint of fruit completely yel 
nese low with scabrous, brown 
collar just above equa 
sCOr- torial portion; sepal tips 
— , brown 
This Extreme toxicity Leaflets on uoper plant small and chlorotic; leaflets at middle | Scabrous brown condition at 
° of plant golden green with yellow brown necrosis, principally equatorial portions of 
bio- : : at pe riphery; stems golden green yellowish fruit ; ; 
Extreme toxicity; gold Leaflets at top of plant abscised; leaflet stems and petioles gold Greatly impaired; fruit of 
30), en color en; remaining leaflets on lower part of plant entirely brown; small size; lower portion 
necrosis occurs at periphery and progresses inward brown; cuticle disinte 
(3) grated; black-brown area 
on equatorial! portion 
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Supply of 
micro : 
nutrients Whole plant 
p p.m.) 
25.05 Slightly retarded Stems light green 


growth, light green 
50.05 Smaller plants; light 
green 
75.05 Extremely chlorotic, 
particularly at top 
100 05 Severe effects 


top part of stem white 


have failed to confirm this conclusion. 
HESTER (16, 17, 18) has stated that the 
addition of soluble manganese to soils 
deficient in this element resulted in an 
increased ascorbic acid content of toma- 
toes. LYON et al. (22, 23) and Gum et al. 
(10), however, found manganese-defi- 
cient tomatoes in controlled culture ex- 
periments to be as high in ascorbic acid 
values as control fruit. 

In this experiment, leaflets from toma- 
to plants supplied with 0.5 p.p.m. of 
manganese contained 109+ 3.8 p.p.m. of 
manganese. The tomato fruits contained 
27.3+0.49 mg. of ascorbic acid per 100 
gm. fresh weight. When tomato plants 
were supplied with 25.5 p.p.m. of manga- 
nese in the nutrient, the leaflets con- 
tained 3567+ 103.7 p.p.m. of manganese 
and the fruits contained 26.9+0.49 mg. 
ascorbic acid per 100 gm. fresh. weight. 
As the manganese concentration in the 
nutrient medium was further increased, 
the plants absorbed and accumulated in- 
creased concentrations of manganese in 
the leaflets, and the vitamin content of 
the fruit was consistently and signifi- 
cantly less. 

More recently, HARMER and SHER- 
MAN (15), working with spinach, oats, 
and sudan grass, have concluded, ‘“The 
application of mangamese to a manga- 
nese-deficient soil significantly increased 


Leaflets light green. Lamina chlorotic on leaflets near top of 
plant; lowermost leaflets contained golden yellow necrotic 
areas, principally at periphery 

All leaflets small in size; some of lower leaflets completely yel 
low with necrotic areas at tips 

All leaflets extremely small; practically white at top of plant; 
lower leaflets dead; back of leaflet bronzed with brown veins; 


Leaves Fruiting 


Zinc 


Normal except for light yel 
low color of fruit 

Small fruit; yellow-green; 
sepal tips spotted brown 

Fruit light whitish-green 


Flowers white; calyx whit 
ish-yellow 


the ascorbic acid content of plants during 
the periods of the year when such man- 
ganese application caused a significant 
plant growth response,”’ and “manganese 
played an important role in the synthesis 
of ascorbic acid in chlorophyll-bearing 
tissue, since plants growing on a soil defi- 
cient in available manganese contained 
less total and reduced ascorbic acid.” 
The data from the present report do not 
seem to substantiate the above conclu- 
sion that manganese plays a role in the 
synthesis of ascorbic acid. Leaves from 
turnip plants supplied with 0.5 p.p.m. of 
manganese in the nutrient solution con- 
tained 95 + 3.5 p.p.m. of manganese and 
212.2 + 10.98 mg. of ascorbic acid per 
100 gm. fresh weight. When plants were 
supplied with 25.5 p.p.m. of manganese 
in the nutrient solution, their growth was 
not significantly different in any respect 
from those supplied with 0.5 p.p.m., yet 
their leaves contained 1510 + 48.9 
p.p.m. of manganese and only 198.2 + 
15.08 mg. of ascorbic acid. The two series 
of plants were identical in growth char- 
acteristics and ascorbic acid content 
within the limits of experimental error. 
One series contained fifteen times as 
much manganese as the other by analy- 
sis. In addition, leaves from turnips sup- 
plied with 100.5 p.p.m. of manganese in 
the nutrient contained 5670 + 628.0 
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p-p-m. of manganese and 157.1 + 14.52 
mg. of ascorbic acid. The plants exhibit- 
ed definite toxicity symptoms and were 
stunted but contained significantly less 
ascorbic acid. Certainly these data would 
indicate that manganese is not directly 
concerned in ascorbic acid synthesis in 
turnip leaves, a chlorophyll-bearing tis- 
sue. 

Since ascorbic acid oxidase has been 
found to be a copper-protein (20, 27) in 
summer squash and cucumbers, the in- 
creased ascorbic acid content of toma- 
toes, which resulted from supplying rela- 
tively high concentrations of copper in 
the nutrient medium in the experiments, 
is of interest. 

Summary 

1. Experiments were designed in 1943 
to measure the effects of high concentra- 
tions of manganese, boron, zinc, molyb- 
denum, copper, or iron in the nutrient 
medium on the vitamin content of turnip 
greens and tomatoes grown in sand cul- 
tures. Growth data as well as results of 
selected mineral analyses are presented, 
and nutritive values in terms of thia- 
mine, niacin, riboflavin, and ascorbic 
acid content are considered. 

2. As the iron concentration in the 
nutrient medium was increased to 147 
p-p.m., no significant effects on the 
growth of either turnips or tomatoes were 
evident. Both plants, however, absorbed 
and accumulated more iron than the con- 
trols as a result of treatment, but no sig- 
nificant differences in vitamin content 
were observed. 
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3. As the concentration of copper, 
manganese, boron, zinc, or molybdenum 
was increased in the nutrient medium, 
the growth of both turnips and tomatoes 
was significantly retarded. Definite and 
specific toxicity symptoms developed, 
and, invariably, as the supply of any of 
the micro-nutrient elements used was in- 
creased, a greater concentration of that 
element was found in the vegetative 
plant parts. 

4. Certain significant changes in vita- 
min content were striking. For instance, 
as the boron supply to turnip plants was 
increased, a 60% increase in both niacin 
and thiamine concentration in leaves oc- 
curred. Ascorbic acid values, however, 
were 20% less. A 35% increase in both 
niacin and riboflavin values was associ- 
ated with increased manganese supply. 
In this instance, ascorbic acid values 
were 25% less. In tomatoes a 60% in- 
crease in ascorbic acid content of the 
fruit was associated with relatively high 
copper concentrations in the nutrient 
solution. Ascorbic acid values were sig- 
nificantly less than in control fruits, how- 
ever, as the concentration of boron, man- 
ganese, or molybdenum was increased in 
the nutrient. 

5. Some practical as well as theoretical 
connotations of these results are dis- 
cussed. The reports that manganese fer- 
tilization of the soil results in high as- 
corbic acid values are considered in rela- 
tion to these results which indicate that 
manganese supply to the plant has little 
influence on ascorbic acid content. 
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NUCLEI AND CYTOPLASMIC INCLUSIONS IN BASIDIA OF AMANITA 


DON RITCHIE 


Introduction 

The karyology of spore formation has 
been described in dozens of Basidiomy- 
cetes since the essential outlines were 
worked out by WAGER (9, 10), MAIRE 
(3), LEVINE (2), and others. WAKAYAMA 
(11, 12) has made a catalogue of chromo- 
some numbers in several Basidiomycetes, 
including his own observations and those 
of previous workers, and his list indicates 
that most of the plants that have been 
investigated showed two chromosomes. 
In some species, however, notably those 
studied by WAGER, the chromosome 
count is four, six, or eight. All the fifteen 
species investigated by MArrE (3) had 
two chromosomes, and there were seven 
additional species, studied by others, 
which also had two chromosomes. The 
remaining eleven species investigated 
had four, six, or eight chromosomes. 
Since MAIRE saw only two chromosomes 
in fifteen species in twelve genera, the 
fixation of those fungi may have been 
imperfect. Certainly such tiny particles 
of protoplasm can be easily misinter- 
preted unless they are quite distinct, and 
they are not distinct unless the fixation 
is fortunate both as to time and as to 
clarity of the resulting image. 

Further information on basidial con- 
tent was presented by Sass (7), who 
found dark-staining bodies associated 
with nuclei and with sterigma-formation 
in the basidia of Coprinus sterquilinus. 
He figured, for instance in the case of a 
uninucleate basidium, a nucleus-like ob- 
ject close to the real nucleus and called 
ita Nebenkern. He could not find divi- 
sion figures of any of the bodies and ob- 
tained varied results with different fixa- 


tions. SAss suggested that the “Golgi 
material,” since it disappears after 
“helping” in the formation of sterigmata, 
may move into the spores. He empha- 
sized the fact that he used no osmium- 
containing fixatives but made his prepa- 
rations with several variations of mix- 
tures of chromic acid, acetic acid, picric 
acid, and formaldehyde. 

The work reported here is part of a 
series of trials of a variety of fixations on 
fungi, including a repetition of the meth- 
ods of Sass. The extra-nuclear bodies 
which he figured in both drawings and 
photographs are so distinct that it seems 
strange that others interested in fungus 
cytology had not, and have not until 
now, found similar objects in the basidia 
of other forms. Although it was not my 
original intention to seek consciously any 
such bodies in the several species under 
investigation, it was nevertheless inter- 
esting to find a fairly regular distribution 
of them in one plant, namely the famous 
Caesar’s mushroom, Amanita caesarea 
Ir. Since the writer has not found them 
in several other species whose basidia 
were studied with the same techniques, 
it appears that the bodies are not of uni- 
versal occurrence. They are either limited 
to certain species or else are found only 
at special times, those times being spo- 
radic. The remainder of this study con- 
sisted of merely a routine examination of 
the basidia to check the karyology, ob- 
serve the obtain a 
chromosome count, follow the progress 
of spore formation, and observe such 
cytoplasmic inclusions as could be found, 
since none of this had been done for A. 
caesarea. 


meiotic divisions, 
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Material and methods 


Young sporophores were collected out- 
doors in midsummer, brought into the 
laboratory, and killed as quickly as pos- 
sible in a series of fixing fluids. These in- 
cluded: Randolph’s CRAF fixer, full and 
half strength (1); Randolph’s plus three 
drops of the detergent Triton X; the 
Zirkle-Erliki mixture (13); Zirkle-Erliki 
plus 0.5% quinone; 0.5% quinone; 0.5% 
quinone in 0.4% NaCl post-chromed 
with 3% H.CrO, or with K.Cr.0,; 0.5% 
quinone followed by 3% CuSO,; Sass’s 
Fixative II (7); chrome-formaldehyde- 
copper; and chrome-acetic-copper (5). 
The quinone series was attempted be- 
cause that substance initially showed 
promise of “complete fixation’’—that is, 
a combination of both the so-called 
“acid” and “basic’’ images in the same 
fixed cell. The results to date have been 
disappointing, although NEWCOMER (4) 
has photographed some dividing cells 
fixed with quinone in which both well- 
fixed mitochondria and chromosomes are 
evident. 

Sections of the gills of Amanita cut at 
2 and at 4 (mostly at 4) uw were subse- 
quently stained in iron-alum haematoxy- 
lin and with the Feulgen nucleal reac- 
tion. In the latter technique, staining 
was successful after 10 minutes of hy- 
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drolysis in normal HCl at 60° C. and 7 
hours in the leuco-basic fuchsin. 


Results 


The behavior of the nuclei in the 
basidia of A. caesarea is typical of that 
of many of the Agaricaceae already 
studied. The cells of the mycelium below 
the hymenium are binucleate. The free 
ends of the hyphae push out through the 
palisade-like cellular coverings of the 
gills, appearing first as small, almost 
cylindrical cells containing two small 
nuclei (fig. 1). The young basidia enlarge, 
push out still farther (fig. 2) and eventu- 
ally make their way to the surface of the 
gill. Meanwhile, preparatory to fusion, 
the nuclei enlarge to many times their 
original size (fig. 3). Figure 4 shows a 
pair of these large nuclei just before the 
act of fertilization. This stage resembles 
the second binucleate stage, but the 
basidium usually has not, as in this in- 
stance, grown to its full size, being still 
overshadowed by the surrounding larger, 
more mature basidia. Fusion of the two 
nuclei ensues (figs. 5-7). Figure 5 shows 
the earliest stage at which Nebenkerne 
were found, the ones in this figure being 
demonstrated after the same technique 
as that used by Sass. As Sass indicated, 
these bodies cannot be osmium-produced 


Fics. 1-26.—All drawn with camera lucida arm at 120 mm., mirror at 45°, paper at table level. 1640. 





Fixations for indicated figures: quinone, 2; quinone plus CuSO,, 3; quinone plus H.CrO,, 1, 8, 22; quinone 
plus K.Cr.0,, 16, 18; CRAF, full strength, 4, 7, 10, 12-15, 19-21, 26; CRAF, half strength, 6; Sass’s fixative 
II, 5; chrome-acetic-copper, 11; chromium sulfate-formaldehyde copper, 17; Zirkle-Erliki, 9, 23, 24, 25. 
Stains: Heidenhain’s haematoxylin, 1-3, 5, 6, 8, 10, 11, 15, 16, 18, 22; Feulgen stain, 4, 7, 9, 12, 13, 14, 17, 
19-21, 24-26. Figs. 1-3, young binucleate basidia, showing general increase in size. Fig. 4, young binucleate 
basidium just before nuclear fusion. Figs. 5-7, stages in nuclear fusion. Figs. 8-11, aspects of fusion nucleus 
after different fixations; fig. 10 shows faintly and fig. 11 shows clearly double spireme of early prophase of 
first meiotic division. Figs. 12-13, metaphase and telophase of first meiotic division, showing number, 
shape, and size of chromosomes. Fig. 14, second binucleate stage after first division. Figs. 15-16, second bi- 
nucleate stage similar to fig. 14, except that fig. 15 shows three extra-nuclear bodies, and fig. 16 shows two. 
Fig. 17, second meiotic division, telophase. Fig. 18, four-nucleate stage (only three nuclei visible in this 
section) with mitochondria in cytoplasm. Fig. 19, four-nucleate stage with four distinct nuclei clumped. 
Fig. 20, four-nucleate stageewith two extra-nuclear bodies. Fig. 21, formation of sterigmata and spore 
initials. Fig. 22, spore initials containing mitochondria. Figs. 23-24, migration of nuclear material into spore. 
Fig. 25, nuclear division in spore; see text on appearance of chromatin after Zirkle-Erliki fixation. Fig. 26, 
basidium with one mature, binucleate spore. 
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artifacts. After fusion of the two nuclei, 
the resulting nucleus is only about forty 
times as voluminous as the two original 
basidial nuclei combined, a rather small 
increase as compared with that occurring 
in other species. 

Figures 9, 23, 24, and 25 illustrate an 
interesting fact. The basidia from which 
these figures were made were killed in a 
“basic” fixer, the Zirkle-Erliki fluid, 
which is usually considered a dissolver of 
chromatin. Other slides, made from the 
same tissue and stained with Heiden- 
hain’s haematoxylin, show small, darkly 
staining granules which are probably 
mitochondria, but no chromatin appears. 
Such would be the usual, and the expect- 
ed, image. The preparations mentioned 
above, however, were stained by the 
eulgen method, in which chromatin ma- 
terial is specifically stajned red or magen- 
ta. With this stain it is seen that the 
Zirkle-Erliki fixative does not dissolve 
chromatin but merely fixes it poorly and 
renders it unstainable by haematoxylin. 
Of course, with the Feulgen stain no 
mitochondria are evident. 

The fusion nucleus then undergoes its 
reduction divisions. Figure 10 shows an 
early prophase of the first division and 
figure 11 a later prophase. In this nucleus 
the double thread of the spireme can be 
seen distinctly. In general, the chrome- 
acetic-copper fixative gives excellent 
images of nuclei but it is not uniform in 
its results and, as can be seen from this 
figure, is valueless for cytoplasmic detail. 
During the first meiotic division (fig. 12) 
eight chromosomes appear. Immediately 
thereafter the second division occurs, and 
in this also there are eight chromosomes 
(fig. 17), four going to each of the four 
resulting nuclei. The haploid chromo- 
some number for this species is therefore 
four. 
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After the final division the sterigmata 
and spore initials appear. In this species 
no instances were found in which these 
structures appeared before the final nu- 
clear divisions, as has been reported else- 
where (5). The nuclei move out through 
the exceedingly slender tips of the sterig- 
mata (figs. 22-24) into the spores, where 
they divide once more. As often happens 
in the hymenomycetes, the mature spores 
each possess two nuclei (fig. 26). 

The extra-nuclear bodies in 
basidia deserve special note. The only 
reference to them in the literature of the 
Agaricaceae is that of SAss (7). In gener- 
al, my findings are in considerable accord 
with his, in that the basidia of Amanita 
possess spherical objects resembling nu- 
clei in shape and size. My figures 5 and 
16—one of material fixed in Sass’s fluid 


these 


[I and the other in quinone post-chromed 

are quite like those in Sass’s report, in 
respect to position in the cell, size, shape, 
and internal structure, having “‘an achro- 
matic matrix containing a variable num- 
ber of chromatic, crescent-shaped .. . 
bodies.”’ The writer has never, however, 
found the extra-nuclear bodies associat- 
ed with the sterigmata, nor have they 
always agreed in number with the nuclei. 
They were sometimes more numerous 
than the nuclei (fig. 15) and sometimes 
less numerous (fig. 20). Like Sass, the 
writer has not found them in the act of 
dividing. As to their origin, nature, func- 
tion, and fate I have no inkling. As to 
their being Golgi material, I have no 
opinion. 

The question of Golgi material in 
plants is so confused, and the various 
opinions about it are so numerous, so 
diverse, and so lightly supported, that it 
seems useless to increase the chaos by 
adding another cytoplasmic inclusion of 
unknown nature to the already long, 
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heterogeneous list. This much is reason- 
ably sure: There are in some basidia cer- 
tain nucleus-like bodies, fixable by or- 
dinary cytological methods without os- 
mium. Further, it appears that these 
bodies are chromatic. Although the idea 
of extra-nuclear chromatin has for some 
time been in disrepute, there has been 
some recent work in support of it in the 
motile reproductive cells of Allomyces (6) 
and in the microspores of several angio- 
sperms (8). The Feulgen reaction, which 
is now generally regarded as specific for 
chromatin, brings out clearly stained 
extra-nuclear bodies in these basidia of 
Amanita (fig. 20). These are apparently 
the same structures which show up after 
haematoxylin staining (fig. 5) and which 
Sass figured. Sass thought that they 
might go into the spores, but there is no 
direct evidence that they do. More work, 
perhaps from a different angle, may ex- 
plain these structures. There is always 
the possibility, in spite of the positive 
statements of some authors, that the 
“Golgi materials” in plants are fixation 
artifacts. The crucial test has never been 
positive; they cannot be seen in living 
material with present-day techniques. 
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Summary 

1. Nuclear behavior in the basidia of 
Amanita caesarea is typical of that in 
most of the Agaricaceae. After fusion of 
the two original nuclei, the resulting large 
fusion nucleus undergoes two meiotic di- 
visions, and each of the four resultant 
nuclei moves into a spore initial. A final 
division in the spore results in the forma- 
tion of a two-nucleate spore. The diploid 
chromosome number is eight. 

2. In addition to the normal nuclei, 
there are extra-nuclear inclusions, fre- 
quently near the base of the basidium. 
These inclusions resemble nuclei in 
shape, size, and staining reactions, being 
readily stained with haematoxylin after 
the usual fixatives, and with the Feulgen 
reaction. Such bodies resemble the 
Nebenkerne found in Coprinus by Sass. 


This work was aided by a grant from 
the American Association for the Ad- 
vancement of Science through the West 
Virginia Academy of Science. My wife, 
Nancy Ritcuitk, helped in the prepara- 
tion of the material. 


WEsT VIRGINIA UNIVERSITY 
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EFFECTS OF DIETHYLSTILBESTROL ON ALLIUM CEPA' 


SOPHIE JAKOWSKA 


Introduction 


Diethylstilbestrol has been reported 
(2, 3) to have a colchicine-like effect on 
mitosis when applied in very low con- 
centrations to chick heart fibroblasts in 
tissue culture. LETTRE suggested that 
the benzene-C-C-N grouping found in 
both colchicine and diethylstilbestrol 
might be responsible for their similar ef- 
fects on mitosis. ZOLLIKOFER (6) had 
earlier compared diethylstilbestrol with 
auxins. 

In view of these findings and of the 
fact that in the hormone treatment of cer- 
tain types of cancer there isa tendency to 
replace the organic estrogens by the syn- 
thetic diethylstilbestrol, it was deemed 
desirable to study further the effects 
of this synthetic hormone. Onion (Alli- 
um cepa) was chosen as the material for 
the experiments because of the presence 
of large chromosomes which have been 
observed under a large variety of experi- 
mental conditions. 

Observations on this material afford 
comparison with the results of LETTRE’s 
work on animal cells zm vitro. Lastly, the 
use of this plant material provides a test 
of any postulated auxin-like properties of 
diethylstilbestrol and also serves as a 
source of information as to toxicity. 


Material and methods 

Seeds and small bulbs of A. cepa were 
used throughout these experiments. The 
average weight of the bulbs was 35 gm. 
Only bulbs with symmetrical stem bases 
were used. 

* The results included in this paper formed part 
of a dissertation submitted jn partial fulfilment of 
the requirements for the degree of Doctor in Phi- 


losophy in the Department of Biology at Fordham 
University. 


The solutions of diethylstilbestrol 
(Merck & Co.) were prepared from stock 
solutions containing either 1 or 10 mg. 
of diethylstilbestrol per cubic centimeter 
of ether. All dilutions were made with 
ether, which was then evaporated, and 
10 cc. of tap water were substituted 
for the evaporated ether. The suspen- 
sion was then allowed to stand for 24 
hours. Athough diethylstilbestrol is 
nearly insoluble in water, several in- 
vestigators have found that water-in- 
soluble materials are able to affect the 
growth and development of plants im- 
mersed in suspensions. These effects 
have been found to be in proportion to 
the total amount of chemical present in 
such suspensions. 

Three series of thirty-three seeds of 
A. cepa were germinated and grown in 
Petri dishes containing 10 cc. of an 
aqueous suspension of 10, 5, or 2.5 mg. of 
diethylstilbestrol. An identical number 
of controls was used. Bulbs with grow- 
ing roots were treated with aqueous 
suspensions containing 100, 50, or 25 
mg. of diethylstilbestrol for 1, 2, 3, 10, 24, 
48, and 96 hours, with 1 week recovery 
in tap water. A similar group of bulbs 
with growing roots were treated with 
aqueous suspensions containing 66, 250, 
500, 750, or 1000 ¥ of the compound for 
24, 48, 72, 96, and 144 hours, with re- 
covery of 24 and 48 hours in tap water. 
In all experiments with bulbs with grow- 
ing roots a moist chamber was employed, 
and 1o cc. of suspension was used in each 
treatment. Controls were used for each 
single treatment. Excised root tips were 
treated with suspensions containing 10, 
5, or 2.5 mg. of diethylstilbestrol for 15 
minutes and for 2 hours; or with a sus- 
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pension containing 100 mg. of the sub- 
stance for 15 and 30 minutes, and for 1, 
2, and 3 hours. Controls were run in tap 
water for the same length of time. A min- 
imum of five root tips of treated and con- 
trol materials was used for cytological 
study from each single treatment. 

A milligram of diethylstilbestrol was 
evaporated from an ether solution on the 
central area of 60-mm. filter paper; this 
filter paper was then applied to the fresh- 
ly scraped stem base of a bulb. Controls 
were run with the untreated filter paper. 
After a 24-hour period of treatment the 
bulbs were thoroughly rinsed in running 
tap water and placed in fresh tap water. 
After a recovery period of 14 days, pieces 
from such treated stem bases were cut 
and applied for 2 days or more to freshly 
scraped untreated bulbs to determine 
whether the effects of the previous treat- 
ment could be transferred. 

The observations consisted of macro- 
scopic and microscopic examination of 
changes in stem and root tissue. Cyto- 
logical observations were made of smears 
of treated and control tissues stained by 
the Feulgen reaction and light green. 


Observations 

Evidence for a colchicine-like action 
was not found for diethylstilbestrol 
within the limits of the above experi- 
ments. There was, however, a consistent 
auxin-like response. Changes in nuclei, 
attributable to toxic effects, occurred 
almost universally in the treated mate- 
rial. 

Overgrowths, similar to those ob- 
tained by the use of Bacterium tume- 


faciens on A. cepa (1), were formed when 


1 mg. of diethylstilbestrol on filter paper 
was applied to bulbs for 24 hours. These 
overgrowths reached their maximum size 
in 17 days. The plants, however, re- 
mained quite healthy for months there- 
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after and showed no signs of such tissue 
deterioration as was observed in bulbs 
infected with B. tumefaciens. An asym- 
metrical widening of the stem was ob- 
served in bulbs immersed for 2 days in 
suspensions containing as little as 1 mg. 
of diethylstilbestrol in 
water. 

Pieces of typical overgrowth tissue 
induced by | mg. of diethylstilbestrol 
were applied to healthy plants. Tests 
for bacteria in the overgrowth tissue 
were constantly negative. Two succes- 
sive transfers of the overgrowth tissue 
resulted in the production of new over- 
growths on healthy plants within g—11 
days from the time of application. Ap- 
parently a very small amount of diethy]- 
stilbestrol, if applied in very close prox- 
imity to plant tissue, can induce what 
may be called a localized injury response. 
This is in accord with the known toxicity 
of diethylstilbestrol. It should, however, 
be noted that dried sterile overgrowths 
did not induce this response. It may be 
that the living plant cells contain meta- 
bolic products which act in conjunction 
with the minute amount of diethylstil- 
bestrol to induce the growth response. 

The germination of seeds in suspen- 
sions of 10, 5, or 2.5 mg. of diethylstil- 
bestrol in 10 cc. of tap water was never 
above 20% after 48 hours. The germina- 
tion percentage of controls was 75 at 
that time. No increase in size of roots 
of the treated material occurred within 
the following week. Tap water (5 cc.) was 
added 9 days after the beginning of 
treatment to offset possible loss result- 
ing from evaporation. The germination 
of the treated seeds on the sixteenth day 
of the experiment had risen to as high as 
50% in the lowest concentration, while 
the germination of controls remained un- 
changed. The material was fixed and 
stained on the eighteenth day of treat- 


10 cc. of tap 
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ment. There was no chlorophyll present 
in the treated seedlings at this time, al- 
though they appeared otherwise normal, 
while the controls were already green and 
had developed adventitious roots after 
the usual deterioration of the radicle. 
Apparently the continued action of di- 
ethylstilbestrol in the above concentra- 
tions was sufficient to prevent germina- 
tion of many seeds and normal develop- 
ment of all seeds. In most of the cells of 
seeds treated with 2.5 mg. of diethyl- 
stilbestrol, the Feulgen-positive materia! 
was concentrated in large nucleus-like 
masses with Feulgen-positive granules 
scattered throughout the cytoplasm. 
The Feulgen-positive material mani- 
fested differential stainability from blu- 
ish-pink to deep magenta. In material 
treated with 5 mg. of diethylstilbestrol, 
many nuclei were crenated. In the mate- 
rial treated with 1o mg. of the compound, 
an organized nucleus was apparently 
absent from some cells, and Feulgen- 
positive material, in the form of globules 
of varying sizes, filled the entire cell. 
These globules responded with varying 
intensity to the Feulgen reaction. 

When seeds were immersed in the con- 
centrations described for 24 hours only 
and then transferred to tap water and 
grown for 10 days, they showed no ap- 
parent toxic effects other than a slight 
reduction in percentage of germination. 
Cytological examination of tissues from 
all three concentrations revealed many 
pycnotic nuclei. An occasional lagging 
chromosome and Feulgen-positive mas- 
ses in addition to the nucleus were not 
more frequent than in untreated seed- 
lings of A. cepa. Apparently, the arrested 
growth and other associated toxic ef- 
fects are not manifested in seedlings un- 
til after at least 24 hours of treatment 
with diethylstilbestrol. It does appear, 
however, that diethylstilbestrol inhibits 
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germination for varying lengths of time, 
depending upon the concentration used. 
An analysis of the selective reaction of 
seeds at low concentrations was not at- 
tempted. 

The metaphase figures from root tip 
cells growing in suspensions of 1 mg. 
and lower of diethylstilbestrol were ap- 
parently identical with those of normal 
material. The chromosomes were defi- 
nitely not contracted. Counts of meta- 
phase figures made from low-power 
fields revealed no significant variation 
between treated and control material. 
The same conclusions can be stated for 
root tips grown in a suspension contain- 
ing 66 y of diethylstilbestrol. 

The treatment of excised root tips in 
suspensions containing 10, 5, or 2.5 mg. 
of diethylstilbestrol for 15 minutes and 
for 2 hours and with 1oo mg. for 1, 2, 
and 3 hours did not reveal a colchicine- 
like effect on mitosis. A 2-hour treat- 
ment with a o.1% solution of colchi- 
cine in similar fashion produced many 
blocked metaphases and extensive con- 
traction of chromosomes. A similar effect 
was obtained with 60 mg. of colchicine 
in water. 

Bulbs with growing roots were placed 
in higher concentrations of diethyl- 
stilbestrol. A suspension containing 25 
mg. of the compound was used as a 
treatment, and roots were removed at 
intervals of 1, 2, 3, 10, 24, 48, and 96 
hours. The roots were fixed and stained. 
The entire bulb was then transferred to 
ordinary tap water and allowed to re- 
cover for 24 hours. The same procedures 
were followed with suspensions contain- 
ing 50 or 100 mg. of diethylstilbestrol. 
The most characteristic feature resulting 
from all these treatments, ranging from 
1 to 10 hours, was the presence of fre- 
quent anaphase and telophase chromatin 
bridges accompanied by breakdown of 
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resting nuclei into numerous granules of 
chromatin material. Treatment for 48 
hours or longer resulted in the destruc- 
tion of a large number of cells and ex- 
tensive fragmentation of chromatin ma- 
terial. The chromatin material was ob- 
served in the form of globules of various 
sizes scattered throughout the cells. It 
was apparent that all these treatments 
were extremely toxic. The range of col- 
chicine-like action for diethylstilbestrol 
was not revealed. If it did exist, it must 
occupy an extremely small range within 
the concentrations studied. 


Discussion 


ZOLLIKOFER (6) attributed auxin-like 
properties to diethylstilbestrol. The pres- 
ent work on A. cepa confirms this in some 
degree, inasmuch as a growth response 
was obtained which consisted of a hori- 
zontal spreading of the stem base in the 
bulbs to which diethylstilbestrol had 
been directly applied. It is possible that 
diethylstilbestrol is a nonspecific acti- 
vator of the cell. 

The data given in the present work in- 
dicate that a concentration of diethy]- 
stilbestrol lower than 25 mg. in 1o cc. of 
tap water has very little effect on the tis- 
sues of A. cepa. This may be related to 
the very low solubility of this compound 
in water. Degenerative changes induced 
by higher amounts of diethylstilbestrol 
in suspensions are very pronounced but 
do not differ cytologically from the ef- 
fects of numerous other substances of 
which the toxicity for plant cells has long 
been established. 

As regards the suggested colchicine- 
like action of diethylstilbestrol, no con- 
firmation was obtained for such action 
on A. cepa in concentrations of 40-100 y, 
cc. as was found by LETTRE (2, 3) in his 
studies on heart fibroblasts of chick tis- 
sue culture. The range of concentrations 
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of diethylstilbestrol used by the present 
author on A. cepa was within the range 
of concentrations used by Lerrr®&, al- 
though they were not prepared in the 
same manner. In addition, both higher 
and lower concentrations were used in 
an effort to find any colchicine-like 
action. The concentrations of 250 y to 1 
mg. of diethylstilbestrol in 10 cc. of tap 
water had no observable effects on mi- 
tosis in A. cepa. Prolonged periods of 
treatment with the very low concentra- 
tion of 66 y in 10 cc. of tap water gave no 
blocking of metaphase. The higher 
ranges of 2.5, 5, and 10 mg. showed 
neither colchicine-like action’ nor toxic 
effects within periods of time in which 
compounds with colchicine-like action 
usually have pronounced effects on 
plant tissue. The effects of such higher 
concentrations over longer periods could 
only be considered as toxic. It is possible 
that period of treatment, extremely 
small range of concentration of diethyl- 
stilbestrol of effective C-mitotic action, 
and differences of plant and animal cells 
must all be considered to explain differ- 
ences in the action of diethylstilbestrol 
on animal and plant tissue such as A. 
cepa. 

The results presented here have been 
previously reported in abstract (1). A 
wider publication of them seems desir- 
able in view of the work of LupForp and 
DMOCHOWSKI (4) on the effect of di- 
ethylstilbestrol on tumors of mice. These 
authors reported that in the material 
treated with stilbestrol there occurred 
very few mitoses, a greater proportion 
than usual of metaphases, and no indica- 
tion of a specific mitotic poisoning of the 
type induced by colchicine. In particu- 
lar they reported that diethylstilbestrol 
did not inhibit tumor growth in the ab- 
sence of toxic effects. This same conclu- 
sion was reached by the present author 
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in work on A. cepa. LUDFORD and Dso- 
CHOWSKI stated that there is no justifi- 
cation for including diethylstilbestrol 
in the same class of mitotic poisons as 
colchicine and sodium cacodylate, both 
of which have pronounced action on the 
mitotic spindle. They further suggest 
that what was considered by LETTRE as 
colchicine-like action might have been 
“‘resting’’ nuclei which rounded off owing 
to the toxicity of the drug, simulating 
in this manner contracted metaphase 
plates. They propose to repeat the work 
of LetrrE on chick embryo fibroblasts 
in vitro and to study the results from a 
cytological viewpoint. It may be noted 
that MEIER and SCHAR (5) have made an 
extensive review of the work of LETTRE. 


Summary 

Observations are reported on seeds, 
bulbs, and roots of onion which had been 
treated with concentrations of diethyl- 
stilbestrol ranging from 66 y to 1co mg. 
in 10 cc. of tap water. Contrary to find- 
ings of LETTRE (2, 3) on animal tissue 
in vitro, no confirmation of a colchicine- 
like action on mitosis was obtained in the 
absence of toxic effects. This is in agree- 
ment with the work of LupForD and 
DMOCHOWSKI (4) on mouse tumors. A 
nonspecific auxin-like response was ob- 
tained on the bulbs in the form of an over- 
growth of the bulb base, similar to over- 
growths on bulbs infected with Bacterium 
tumefaciens (1). 
SLOAN-KETTERING INSTITUTE FOR 

CANCER RESEARCH 
New York City 
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ABNORMAL PROTHALLIA IN TSUGA CANADENSIS 


CLARENCE STERLING 


Introduction 


Investigations of morphological devel- 
opment in a plant often reveal deviations 
from its usual behavior. These variations 
may be interpreted as normal or abnor- 
mal, depending upon their frequency in 
the individual species or in related spe- 
cies. Regardless, of interpretation, the 
record of such variations serves to indi- 
cate potentialities of behavior which lie 
within the range of development of the 
plant tissues. The investigation here re- 
ported treats of abnormalities found in 
mature megaprothallia of Tsuga canaden- 
sis Carr. 

Material and methods 


In the present study ovules of the hem- 
lock were dissected for an embryological 
investigation. Cones were collected from 
a large, vigorous tree in Urbana, Illinois, 
between July 4 and July 17, 1947, the 
dissected prothallia being immediately 
killed and fixed in a variety of killing 
fluids. Sections cut at 15 wu were stained 
with safranin and fast green. Drawings 
were made by camera lucida. 


Investigation 


Unfortunately for the primary purpose 
of the study, none of the archegonia 
seemed to have been fertilized. This may 
have resulted from poor pollination in 
the 1947 season. Although the gameto- 
phytes appeared normal and turgid at 
maturity, all began to collapse and dis- 
integrate within less than 2 weeks follow- 
ing the formation of the ventral canal 
cell. 

During the 2-week period of collection, 
1877 ovules were dissected. Although 
most of them had but a single functional 


5 


2 
3 


prothallium, nineteen ovules (about 1% 
of the total) were found with two fully 
developed megagametophytes (figs. 1-4). 
A majority of the paired prothallia were 
partially superposed (figs. 1-3). Four oc- 
curred with the relationship shown in 
figure 1; twelve were situated in the ap- 
proximate position of figure 2; and two 
were seen as depicted in figure 3. Only 
one pair (fig. 4) was found in which the 
prothallia were virtually juxtaposed. All 
the supernumerary prothallia possessed 
a normal complement of from two to five 
archegonia. 

An interesting feature of these paired 
megagametophytes is that in all nine- 
teen pairs both prothallia were surround- 
ed by the megaspore membrane. Thus, 
the contact surface between the adjacent 
structures was composed only of cell-wall 
material. The megaspore membrane was 
found on the outside surface of the com- 
plex, being thicker at the chalazal end 
and tapering out above, as also reported 
by THomson (28). Although a paired 
group had a larger volume than a single 
normal prothallium, the same peripheral 
form was exhibited in both cases. 

Two other ovules were also discovered 
to show an abnormal development of the 
megagametophyte. In one of them (fig. 
5) the archegonia were located in a later- 
al position (only four of the five arche- 
gonia are present in the section shown). In 
the other prothallium (fig. 6) two of the 
three archegonia were superposed, with 
the lower of the two lacking a distinct 
neck. 

Discussion 

The development of multiple megaga- 
metophytes in conifers has been men- 
tioned frequently — in 
I 


morphological 
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studies. The question, whether the pro- 
duction of supernumerary prothallia in 
an ovule is a teratological occurrence, 
cannot be arbitrarily resolved. Some 
species are characterized by the usual 
germination of several megaspores in an 
ovule: Sequoia sempervirens is a notable 
example of this phenomenon (13, 14, 24, 
28, and others). Likewise, Austrotaxus 
was described by SAXTON (23) as exhibit- 
ing a marked tendency for the develop- 
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above, Taxus has been described fre- 
quently as showing the development of 
at least two megagametophytes (6, 10, 
II, 25, 26), and DupLeER (6) has counted 
as many as four and five prothallia in a 
single ovule. Two prothallia have been 
found occasionally in the nucellus of 
Torreya (19) and in that of Amento- 
taxus (27). 

In the Pinaceae and Cupressaceae 
double prothallia seem to occur only in- 





Fics. 1-6.—Figs. 1-4. Outline drawings of longitudinal sections through double prothallia. Fig. 5, median 
longitudinal section of prothallium with lateral archegonia. Fig. 6, median longitudinal section of prothallium 


showing two superposed archegonia. All X 27. 


ment of more than one prothallium in an 
ovule. On the other hand, usually but a 
single megagametophyte is produced in 
most conifers, with supernumerary pro- 
thallia formed only rarely. 

Multiple prothallia appear to occur 
more frequently in the genera of some 
coniferous families than in others. In the 
Taxodiaceae several embryo sacs are 
normal in Seguoia (see above) and have 
been noted to occur occasionally in 
Taxodium (4), Sciadopitys (1), and Cun- 
ninghamia (1). ARNOLDI (1) figured the 
development of five prothallia in the 
ovule of Cunninghamia. In the Taxaceae, 
in addition to Austrotaxus as described 


frequently. Occasionally two prothallia 
have been reported in the much-investi- 
gated Pinus (2, 3, 7, 10, 15, 16). HAYDON 
(9g) mentioned that he once saw five pro- 
thallia in the nucellus of P. sylvestris. Al- 
though some other genera of conifers 
(namely, in the Cupressaceae and Podo- 
carpaceae) have likewise been found 
with occasional supernumerary prothal- 
lia, their recounting is unnecessary at 
this point. It is interesting to note, how- 
ever, that multiple prothallia have not 
been reported in any other pinaceous 
genera. 

The occurrence of lateral archegonia 
in a gametophyte may be variously inter- 
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preted. In the Cupressaceae such groups, 
which occur not infrequently in Tetra- 
clinis (12, 18, 22), Fitsroya (5), and 
Juniperus (10, 18), may connote a near 
relationship to the callitroids. In families 
in which archegonia are normally apical 
(i.e., micropylar) in position, however, 
the formation of lateral archegonia may 
not be so much a phylogenetic expression 
as a response to locally altered physio- 
logical conditions. Among these latter 
might be included the lateral archegonia 
found occasionally in Taxus (25), Tor- 
reya (20), and Tsuga (17 and the present 
note). Lateral archegonia have also been 
noted in Pinus (3, 8, 21), and even 
chalazal archegonia have been described 
in this genus (2, 3, 16). 

A question of some significance arises 
in connection with the position of the so- 
called “‘megaspore membrane”’ in those 
ovules of Tsuga with double prothallia. 
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The fact that such a membrane sur- 
rounds a group of two rather than each 
separate prothallium indicates either 
that the two prothallia were derived from 
a single megaspore (an improbable situa- 
tion) or that the membrane about these 
double prothallia is not a spore mem- 
brane. With regard to the first alterna- 
tive, although two prothallia (‘‘anther- 
idia’’) have been described within the 
microspore membrane on several occa- 
sions, such a variation in the free nuclear 
activity of the developing megagameto- 
phyte is notably unrecorded. If the sec- 
ond alternative is correct, without specu- 
lating on the morphological nature of 
this membrane it could be argued that, 
if it is not logically a spore membrane in 
these abnormalities, its spore nature in 
normal cases is suspect. 
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CURRENT LITERATURE 


Genera Filicum: The Genera of Ferns. By EDWIN 
BINGHAM COPELAND. “Annales Cryptogamici et 
Phytopathologici,” Vol. 5. Waltham, Mass.: 
Chronica Botanica Co.; New York: Stechert- 
Hafner, Inc., 1947. Pp. xvi+247+2 figs.-+10 pls. 
$6.00. 

Two far-reaching goals are achieved by this vol- 
ume. First, all known genera of leafy ferns, including 
those segregated in recent years, are now assembled 
in a form readily available to all students of ferns 
and to all systematists. Older monographs and in- 
dices, such as Diets’s volume on ferns in the 
Natirliche Pflanzenfamilien of ENGLER and PRANTL 
(1898) and CHRISTENSEN’s Index Filicum, with its 
three supplements (1906-34), are more of historical 
than practical importance today. CHRISTENSEN’s 
chapter in VERDOORN’s Manual of Pteridology (1938) 
isa useful summary but does not evaluate the genera 
completely. 

Second, this exposition of modern trends in the 
classification of ferns is certain to stimulate thought 
and discussion among the current generations of 
botanists. It is fascinating to explore the disposition 
of families and genera from Pteridaceae to Vit- 
tariaceae. 

Based upon the premise that pteridology has re- 
gained its position of being the best-developed field 
of systematic botany, COPELAND proceeds to in- 
tegrate all useful knowledge concerned with the 
genera of ferns. Since the author has spent much of 
his life in the Eastern tropics and has studied all but 
six of the genera recognized in this work, he is in a 
strategic position to analyze and to synthesize the 
fern flora of the entire world. 

The Introduction is rich historically and inter- 
pretively. The polyphyletic nature of the group 
known as the Polypodiaceae is stressed, and some 
reasons are given for the scope and sequence of the 
newly established families. A case is made for the 
return of such genera as Phyllitis, Glossopteris, Di- 
flora, and Boniniella to Asplenium, while Anti 
gramma of Brazil and Schaffneria of Mexico are kept 
generically distinct, largely on the basis of con- 
venience. COPELAND treats the genus as a concrete 
entity and a component of nature. His definition is 
simple: “A genus is a single isolated species or a con- 
venient group of related species.” Emphasis is on 
“related,’’ while convenience is of secondary consid- 
eration. COPELAND’s studies in the Hymenophyl- 
laceae, in the genus Grammitis with a hundred and 
fifty species, and in many other fern groups have 
convinced him that nine-tenths of the species and 
genera of ferns are Antarctic in origin. 

Information in the body of the book is presented 
conventionally, beginning with the division of the 
class Filicineae into the orders Ophioglossales, Ma- 


rattiales, and Filicales with one, one, and nineteen 
families, and four, six, and two hundred and ninety- 
eight genera, respectively. COPELAND is author of 
thirty-three of these genera and has revived or vali- 
dated sixty-nine others. Analytic keys to the families 
of the Filicales and to genera wherever demanded are 
carefully constructed. Only one major error is noted 

the omission of the genus Paraleptochilus from the 
key on pages 175-177. Synonyms for each genus are 
listed. Whether the fern is terrestrial or epiphytic in 
its mode of existence is specified in the description of 
the genus, followed by the citation of the type spe- 
cies. The number of species under each genus and 
their geographical distribution are indicated. The 
type of stele is used extensively in ascertaining af- 
finities. Historical and critical remarks concerning 
the nomenclatural problems are to the point and 
generally convincing. Many readers, however, will 
be surprised to know the marsh fern as Lastrea 
Thely pteris (L.) Bory, the ostrich fern as Matteuccia 
Struthio pteris (L.) Todaro (“Pteretis was never toler- 
ably published”), and the hart’s-tongue fern as 
Asplenium Scolopendrium L. 

Few changes have been made in the rearrange- 
ment of genera within families other than in the 
Hymenophyllaceae and in the Polypodiaceae as con- 
strued in the recent past. The geographic distribu- 
tion of the thirty-four genera of the Hymenophy!- 
laceae is shown in tabular form. The heterosporous 
leptosporangiate ferns are placed last as families 
Marsileaceae and Salviniaceae under the heading 
“Hydropterides.” The latter has no counterpart in 
the monograph. 

Of special interest is the distribution of genera in 
the segregates of the old Polypodiaceae. Ten families 
replacing the Polypodiaceae are arranged together 
with Parkeriaceae, Matoniaceae, and others into a 
unified sequence. The Pteridaceae encompasses 
sixty-three genera, including Dicksonia, Cibotium, 
Dennstaedtia, Pteridium, Pteris, Pellaea, Acrostichum, 
and Adiantum. The Parkeriaceae, Hymenophy!- 
lopsidaceae, and Plagiogyriaceae are each repre- 
sented with a single genus. Preceding the last-named 
family is the Davalliaceae, composed of three nat- 
ural groups—the davallioid ferns with eight genera, 
Oleandra, and the three genera of the Boston-fern 
type. In commenting on the first of these groups, the 
author lists seven common characteristics which in- 
dicate its coherence. Similar summaries are found 
throughout the book. Seven genera of tree ferns are 
placed in the Cyatheaceae. COPELAND recognizes 
that a description of the largest family, Aspidiaceae, 
would be of little value in placing an unknown fern 
into its proper category, and the diversity of this 
group of genera is indicated by such ferns as Onoclea, 
Polystichum, Athyrium, Cystopteris, and Woodsia. 
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CHRISTENSEN’s third supplement is followed in in- 
terpreting Tectaria and Aspidium as perfect syno- 
nyms with the former antecedent. The almost in- 
credible variety of ways in which Aspidium has been 
construed is alluded to but not discussed in detail. 
Lastrea is considered to have five hundred species or 
more. A chart partly summarizes the Aspidiaceae, 
showing that Rumohra, Dryopteris, Ctenitis, Lastrea, 
and a few derived genera are organized from the 
Dryopteris of the Index Filicum and that three other 
large genera, Polystichum, Tectaria, and Athyrium 
are added. This complex of seven “‘old”’ genera ac- 
counts for fifty-six of the sixty-six genera in this fami- 
ly. With the increased number of genera, each has 
fewer species. 

The five remaining families have the indicated 
number of genera: Blechnaceae, eight; Aspleniaceae, 
nine; Matoniaceae, two; Polypodiaceae, sixty-five; 
and Vittariaceae, nine. The Polypodiaceae is con- 
strued as an epiphytic assemblage with an abun- 
dance of tropical genera. Polypodium and Phlebo- 
dium are among the few genera which are familiar to 
land-bound botanists of the North Temperate Zone. 

Discussions and some disagreements among con- 
temporary pteridologists may tend to modify some 
of the fruitful labors presented in the Genera Filicum, 
but many praises will be voiced by those who are 
attempting to visualize the fern flora of the world as 
a unit in time and space.—Pavut D. Vortu. 


An Introduction to the Science of Botany: Basic 
Botany. By FRED W. Emerson. Philadelphia and 
Toronto: The Blakiston Co., 1947. Pp. xi+372. 
Illus. Frontispiece in color. $4.00. 


Gracing the washable cover of this new text is a 
desert scene in full color. Another innovation is the 
larger format which permits the use of two columns 
of print per page, thereby improving the speed and 
ease of reading. 

The general plan of the book is logical. The pro- 
duction of corn in the Upper Mississippi Valley in 
1925 is compared with increased current yield to 
emphasize the net gain in wealth resulting from the 
improvement of plants by hybridization. A discus 
sion of life, cells, and cellular reproduction leads to 
chapters on leaves and their function and to cycles 
of energy and nutrients, including a simple nitrogen 
cycle. Chapters on the functions and structures of 
roots and stems are followed by unifying discussions 
on correlations, genetics, evolution of plants, and 
classification. Present-day plants are treated from 
Gloeocapsa to the grasses. The book concludes with 
chapters on plant and biotic communities. Units of 
the book can be rearranged easily to fit local needs. 
A list of paragraph titles is incorporated in the in- 
troduction of each chapter so that the unit may be 
visualized at a glance. Many of these titles are of 
necessity topical in nature, But “man’s relation to 
the web of life,” “‘the remedy for erosion,” and “aim- 
less destruction” create an urge to read. 
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Diagrams, line drawings, and halftones are of 
good quality and wisely chosen. It may be noted 
that the vascular system in two drawings of a stem 
tip in longisection is oversimplified. 

The author includes many of the newer ap- 
proaches to the study of plants, as the discussions of 
growth substances and of photoperiodicity will illus 
trate. Tabular presentations of pigments and other 
data on the algae are especially complete. In general, 
the activities of plants are described with such 
clarity that a student familiar with only a few of the 
basic facts of chemistry and physics can follow the 
discussions readily. Because of the basic nature of 
photosynthesis, it seems that this process could have 
been presented more extensively. Blue-green algae 
and bacteria are included in the phylum Schizo- 
phyta, and the use of the phyla Psilopsida, Sphenop- 
sida, Lycopsida, and Pteropsida indicates that the 
author has adapted the systems of WALTER ZIMMER- 
MANN and A. J. Eames. It is gratifying to observe 
this trend in modern elementary textbooks.—PAuL 
D. Vortu. 


Plants and Environment: A Textbook of Plant 
Autecology. By R. F. DAUBENMIRE. New York: 
John Wiley & Sons, Inc., 1947. Pp. xii-+-424+87 
figs. Frontispiece. $4.50. 


The broad usage in America of the term “ecol- 
ogy” has been traditionally inaccurate both with 
respect to the etymology of the word and with the 
sense of its original usage in Europe. We now have a 
textbook of plant autecology that shows a compre- 
hension of the distinctions between autecology and 
synecology and between these fields and those more 
strictly geographical and historical. DAUBENMIRE 
hews to the line in a formal manner until his last 
and, incidentally, poorest chapter entitled “Ecologi- 
cal Adaptation and Evolution,” which is mainly on 
genecology. Here his work suffers, among other 
things, from space limitations and lack of correlation 
with the rest of the volume. The subject matter of 
the book as a whole, which treats of the environ- 
ment per se and of the relations between the environ- 
ment and plants as individuals, is divided into seven 
chapters on subjects such as the soil factor, the at- 
mospheric factor, the biotic factor, etc. Within these 
groupings the material is well organized. It is simply 
and logically presented, so that the book itself 
should not interfere with the processes either of 
teaching or of learning. No small compliment! The 
photographic illustrations are all from the author’s 
personal negatives and are well selected, but he 
should be dissatisfied with the poor quality of the 
halftones with which the publishers have provided 
his book. In fact, the design and typography of the 
book are no credit to the publishers, as it looks much 
like a 1920 high-school text. The reviewer does not 
believe in reviews that carp about minor typographi- 
cal errors, slight omissions, and all the other matters 
that any reader can find in the best proofread books, 
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yet I cannot help but note the unique verbatim repe- 
tition in chapter ix of forty-four lines of pages 345 
346 on the immediately following pages 348-349. 

The author might have profited by reference to 
several books (not cited in the Bibliography) which 
treat at least partly the subject of environmental 
factors, such as REYNAUD-BEAUVERIE’S Le Milieu et 
la vie en commun des plantes (1936), and RUBEL’s 
Geobotanische Untersuchungsmethoden (1922). His 
use of American literature, however, is good, and 
fully one-half of all cited papers have appeared 
within the decade preceding the completion of his 
manuscript. 

The reviewer believes that DAUBENMIRE’s most 
useful chapter is the one on “The Environmental 
Complex.” Here one finds boldly expressed the idea 
of the variability, interdependence, and interaction 
of habitat factors; the variable significance for the 
organism of a factor status, duration, or change, de- 
pending on other conditions, including those of the 
organism itself. Although he admits that “the prob- 
lem of measuring those physical conditions that 
really govern plant behavior is much more difficult 
than is commonly conceived,” he does not quite 
warn his readers that ecological studies generally do 
not demonstrate causal factors but at best point up 
correlations and coincidences. His book is based on 
the prevailing tacit assumption (probably derived 
from plant physiology) that causal factors can be 
isolated and studied, but he is intelligent enough to 
be bothered by some of the assumptions usually 
made and to provide the cautions of chapter ix about 
the heterogeneity and dynamic nature of the envi- 
ronment, factor interaction, and the variability of 
plant requirements. That progress can be made in 
the field of autecology is amply demonstrated by 
scientific agriculture, but the situation in “nature in 
the rough” is another matter. Perhaps if DAUBEN- 
MIRE were a little more concerned about the dif- 
ficulties (and some of the futilities) of much of eco- 
logical study, he would have devoted more than a 
page to the phytometer method and would have 
gone on from there to other “measurements” of the 
environment as a whole by organisms themselves 
and by communities. Perhaps he would not have 
written this book but would have done one in the 
field of synecology. 

Students do not usually read prefaces. They are 
not assigned! Should they read DAUBENMIRE’s, how- 
ever, they would find that “the special advantage of 
restricting the material to this branch of ecology 
lautecology] consisted of making it possible for the 
student to devote his entire energy to a study of 
fundamentals [!] without having to sacrifice a large 
share of the time to the mastery of any of the several 
conflicting philosophies of plant sociology.”’ One can 
have no legitimate complaint that this book treats in 
detail only of autecology, one branch of geobotany; 
but especially in view of the fact that the author 
considers autecology as a science ‘which cuts across 
many discrete fields of science’’ and that it “‘is indis- 
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pensable as a background for anyone who would un- 
dertake to grasp the complexities involved in the 
ecology of plant communities,” one can deplore the 
implication of the first statement quoted in this 
paragraph. It is impossible to erect a notation of 
plant communities and, I believe, to understand the 
ecology of an individual] on a basis only of a study of 
the ecosystem. If it were possible to analyze (even to 
recognize!) all the factors of the environment, it 
would be impossible to integrate the resultant data 
and arrive at a solution—the holocoenotic environ 
ment. Even then one would not know about the 
“harmonic environment’’—that is, which factors are 
more important and at what rate they are effective. 
Nor would one know the extent to which the poten 
tial ecological amplitude of an organism is reduced 
in a particular situation by adversity and especially 
by competition. To be completely explicit, I do not 
hold that this book need cover the broader fields of 
synecology, plant sociology, etc., but it is necessary 
for the author to provide a better perspective for his 
readers, if only in the Preface and Introduction, so 
that they will not believe that all the fundamentals 
lie in autecology. 

Despite my criticisms, Plants and Environment is 
a good and a useful book. It should be bought by all 
persons working not only in the ecological field per se 
but in the related less broad disciplines and in the 
applied fields —Stantey A. Carn, Cranbrook Insti- 
tute of Science. 


Nucleic Acids and Nucleoproteins. (“Cold Spring 
Harbor Symposia on Quantitative Biology,” Vol. 
XII.) Cold Spring Harbor, N.Y.: Biological Lab- 
oratory, 1947. Pp. xii+-279+258 figs. $7.00 (plus 
postage). 

The rapid progress and wide scope of investiga- 
tions aealing with the cytological and chemical 
aspects of nucleic acids and nucleoproteins can be 
seen in the amount of new material presented in this 
volume which follows by only a year the volume re- 
sulting from the Cambridge Symposium of the So- 
ciety for Experimental Biology on Nucleic Acid. 
This volume is also a logical extension of the genetic 
aspects covered in the Ninth and Eleventh Cold 
Spring Harbor Symposia. The paper on ‘Chemical 
Structures of Nucleic Acids” is one of the last con- 
tributions of J. MAsson GULLAND, to whom the 
volume is dedicated. Spectrophotometric studies of 
the interaction of nucleic acids and nuclei with basic 
dyes by MICHAELIS give new insight to the basis of 
ortho- and metachromatic staining. Enzymatic 
studies on chemical structure are in papers by 
GREENSTEIN, CARTER, and CHALKLEY and by 
ScumipT, CUBILE, and THANNHAUSER. The action of 
X-rays is dealt with by TayLor, GREENSTEIN, and 
HOLLAENDER and by ErRrerA. Studies on nucleic 
acids and nucleoproteins in viruses and bacteria in- 
clude those by BeLozersky, Borvin, CHARGAFF, 
CoHEN, HYDEN, KNIGHT, and WITKIN. Papers on 








538 BOTANICAL GAZETTE 


chromosomes and nuclei form another group by 
Maza, Hayasui, and YupowitcH; Mirsky; Pot- 
LISTER and Ris; Ris; SCHULTZ; SERRA; and STED- 
MAN and STEDMAN. Metabolic aspects are repre- 
sented in papers by BRACHET, DAVIDSON, SCHNEIDER, 
SPIEGELMAN and KAMEN, and THORELL. The dis- 
cussions which are published provide, as usual, valu- 
able additional sidelights on the problems presented. 

Application of these findings in the field of cyto- 
chemistry would do much to improve the signifi- 
cance of its literature. The volume presents an up-to- 
date guide to the literature on the chemical structure 
of nucleic acids and nucleoproteins as ascertained by 
organic synthesis, enzymatic degradation, and com- 
plete amino-acid analysis (for viruses); physical and 
chemical properties of these substances with respect 
to spectrophotometry and action of ionizing radia- 
tions; the biosynthesis of nucleic acids and their pos- 
sible role in metabolism; the relations of nucleic acid 
properties to nuclear and cytoplasmic morphology; 
and an introduction to certain aspects of directed 
mutation, embryogeny, and neoplasms. Evidence 
relating to higher plants is conspicuously absent.— 
WitiiaM L. DoyLe, Department of Anatomy, Uni- 
versity of Chicago. 


The Fungi, Vols. I and II. By FREDERICK A. WOLF 
and FREDERICK T. WoLF. New York: John Wiley 

& Sons, 1947. Pp. x+438 and xii+538. Illus. 

$12.50. 

The announcement of the publication of this two- 
volume text and reference book was received with 
considerable anticipation by students of this very 
diversified and increasingly important group of 
plants. Those who teach one or another aspect of 
mycology were particularly interested, for the texts 
which have been available for years are all out of 
date, and there has appeared in text form no integra- 
tion of information accumulated during the last two 
decades—a period during which the fungi have 
proved to be exceedingly versatile both in the labora- 
tory and in industry. The appearance of a work 
which would present both the classical aspects of 
mycology and a thorough treatment of the activities 
of fungi was timely. 

The Fungi deals with the subject matter in two 
distinct sections: the first, comprising Volume I, 
presents a rather orthodox and conservative survey 
of the fungi, including the myxomycetes, with em- 
phasis on the taxonomy, morphology, and, to a lesser 
extent, the phylogeny of the various groups; the sec- 
ond section, Volume II, is devoted in its entirety to 
the activities of fungi. The authors, in thus dividing 
the subject material, logically exemplify their con- 
viction that at least an elementary knowledge of 
morphology, etc., is prerequisite to an understanding 
and appreciation of the very diverse activities of 
fungi. . 

Volume I opens with rather generalized accounts 
of the techniques of isolation and cultivation of fungi 
in the laboratory. This is followed by a short section 
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which treats of the principles and criteria of the 
classification of fungi and which concludes with keys 
to the classes, subclasses, and orders. The arrange- 
ment of subclasses and orders within the classes is 
in some cases a bit perplexing. One example is the 
treatment of the aquatic phycomycetes which, as the 
authors point out, comprise two apparently parallel 
evolutionary lines, the uniflagellate and biflagellate 
series. Yet the order Chytridiales as here treated 
contains both uni- and biflagellate families; the 
Lagernidiales are considered intermediate between 
the Chytridiales and the Blastocladiales; and the 
Monoblepharidales and Saprolegniales sit cheek-by- 
jow! as co-ordinate orders of the subclass Oomycetes. 
The problem of the Blastocladiales indicates the in- 
adequacy of the time-honored division of the aquatic 
Phycomycetes into the Archimycetes and Oomy- 
cetes: the highly developed mycelium would exclude 
it from the former, and isogamy in certain members 
of the orders would as surely exclude it from the 
latter. The present over-all arrangement, which sus- 
pends the Blastocladiales between these two sub- 
classes, would appear less natural than to consider 
the two series, mono- and biflagellates, as inde- 
pendent and parallel. 

The greater part of Volume I is devoted to a de- 
scriptive survey of the fungi in which each order is 
described along with its characteristic morphology, 
reproductive structures, and processes. Practically 
every order is illustrated with more or less detailed 
accounts of a number of specific forms. Actually, it 
would seem that the purpose of the authors, to fur- 
nish a basis for a general acquaintance with the 
fungi, could have been better served by the use of 
fewer illustrative examples and a more comprehen- 
sive description of each of the selected few. 

This volume offers only one major advantage 
over the standard texts on mycology, such as those 
of GYNNE-VAUGHAN and BARNES, GAUMANN- 
DoncE, etc., with which it corresponds rather closely 
in context and general treatment of subject mate- 
rial: it is much more recent. 

In Volume II, on the activities of fungi, the au- 
thors have performed a very desirable service to the 
student of mycology. Twenty-two chapters deal with 
a wide diversity of subjects, such as various physio- 
logical processes and biochemical activities; broad 
accounts of special groups of organisms, each of 
which, though taxonomically heterogeneous, com- 
prises an important functional biological group—i.e., 
the human pathogens, mycorrhizal fungi, and soil 
fungi; effects of various agents, as radiation, medium 
reaction, temperature, etc., on the germination of 
spores and on the development of vegetative and 
fruiting structures; genetics and physiological spe- 
cialization in fungi; host-parasite relations; associa- 
tive effects; etc. Each chapter is provided with a 
bibliography of the source material. This novel treat- 
ment in a fully documented text is most welcome, 
and it is to be hoped that it will set the pattern for 
other authors in the future. 
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In general, the treatment of each of the subjects 
listed above is quite adequate and presents a com- 
prehensive, if brief, account which, though not ex- 
haustive, would serve as a guide into the literature 
for the more interested and curious reader. The 
present work, however, fails in one very important 
respect to render its maximal service to the biological 
sciences, in neglecting to integrate properly the ex- 
panding knowledge of the physiological and _ bio- 
chemical processes in fungi with the broader know]- 
edge of general biological phenomena. Thus the re- 
cent and exceedingly significant investigations on 
biochemical mutants in Neurospora, etc., and the in- 
formation on synthetic systems within the cell which 
such genic mutants has made possible, are sum- 
marily disposed of in a single short paragraph. Re- 
cent work on genetics in yeasts receives even briefer 
treatment. In both cases the implications of these 
studies are ignored. 

On the whole, the work constitutes a valuable 
addition to mycological literature, and, by focusing 
attention as it does on the versatility of fungal be- 
havior, it will remain useful for a long time to come. 

J. R. RAPER. 


Botany: Principles and Problems. By EpmMuNpD W. 
Sinnott. 4th ed. New York and London: Mc- 
Graw-Hill Book Co., 1946. Pp. xvii+726+ 403 
figs. Frontispiece. $4.50. 

Three types of differences are evident when the 
previous edition is compared with the current revi- 
sion. First, a co-ordinated effort has obviously been 
made to improve isolated portions of the book by 
clarifying certain statements, replacing illustrations, 
or by adding new data. The sections on metabolism, 
vitamin deficiencies in plants, and buds are all im- 
proved. Drawings of the grass flower, substitution of 
the embryogeny of Portulaca for that of Capsella, as 
well as the photographs illustrating hybrid vigor in 
maize, the anchoring of English ivy by its roots to a 
wall, and numerous other plates, enhance the value 
of this text. A few of the new illustrations seem to be 
less desirable than the former ones, such as the stem 
tip of Elodea replacing one of Coleus and the photo- 
micrograph showing abscission of a leaf which re- 
places a labeled diagram. The section on heredity 
and variation as well as the chapter concerned with 
development and morphogenesis have profited by 
the addition of new pages, the latter to a marked 
degree. 





Second, economic aspects of plants, present 
trends in botany, and the future of this science are 
stressed to a greater degree in the current edition. 
New photographs show a tea plantation, sugar cane 
in the field, drying of cinchona bark, tapping of a 
rubber tree, and the checking of erosion by contour 
plowing, to mention only a few. Summaries on the 
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economic value of stems, of ferns, and of other plant 
parts in the several plant groups are placed strategi- 
cally in the various chapters. 

Third, the inclusion of new chapters and the em- 
phasis on plants currently used for fundamental re- 
search in genetics and biochemistry assure the inter- 
est of contemporary student populations. A new 
vegetational map of North America and a photo- 
graph of a pond being filled in by vegetation precede 
a new chapter on plant distribution. Even though 
plant formations are given scant attention, the prin- 
ciples of the distribution of plants in time and space 
are presented in a broad frame with discussions of 
antarctic floras, fossil floras, and the extent of Gond- 
wanaland. Recent researches on the sex hormones of 
Achlya, the water mold, on the fruiting body of 
Dictyostelium, and on the genetic mechanism of the 
pink bread mold, Neurospora, are incorporated in 
this revision. ““Botany and the Future” as the last 
chapter presents the electron microscope as a re- 
search tool, discusses plants useful in the production 
of essential substances such as penicillin and ribo- 
flavin, and shows photographs of the greenhouses of 
the Plant Industry Station of the U.S. Department 
of Agriculture at Beltsville, Maryland, and views of 
two well-known botanical gardens to exemplify in- 
stitutions where botanical research is stressed. 

The revision of the chapter on Bryophytes by 
HEMPSTEAD CASTLE is thorough, but one feels that 
the illustrations could convey the developmental ap- 
proach of the text to a greater degree. Through all 
editions this text has been noted for the thought- 
provoking questions which accompany each chapter 
and for the helpful discussion on soils, a topic which 
is neglected in most elementary presentations. These 
features combined with those mentioned in this re 
view make this edition a most acceptable one. 
PauL D. Votn. 


Cytologie végétale et cytologie générale. By PIERRE 
DANGEARD. Paris: Paul Lechevalier, 1947. Pp. 
611+ 246 figs. 


This book appears to be a well-done and rather 
complete summary of the recent developments in the 
fields of plant and general cytology. Although con 
cerned principally with plants, it does include a 
number of pertinent topics dealing primarily with 
animal cytology and integrates the facts common to 
both quite well. The illustrations are mainly dia- 
grammatic copies of the originals and do not show a 
great amount of detail, although in general they give 
the main points of interest. The literature list at the 
end of each chapter is fairly complete and up to date. 
The book can be recommended to those who may be 
interested in a general and well-balanced recent 
treatment of the subject of cytology —J. M. BEAL. 
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Manuscript 


A simple, direct statement of facts, shorn of 
all unnecessary words but not telegraphic in 
style, should be the contributor’s goal for effec- 
tive writing. It should be borne in mind that the 
paper is addressed to an audience of trained 
botanists, already conversant with the funda- 
mentals of the science. Readers do not need to 
have general botanical terms defined or common 
botanical knowledge repeated. Some contribu- 
tors, especially those with less experience, re- 
sort to much repetition in an effort to make their 
points clear, instead of presenting the material 
effectively in the first place. Many papers sub- 
mitted to this journal would be greatly im- 
proved in quality by drastic cutting and more 
concise writing. 

After the paper is typed and before it is sub- 
mitted, it should be read and reread at inter- 
vals. This is the time to make revisions, not 
when the material is set up in type. 

When historical data are presented, it is 
rarely necessary to review all the literature in 
detail or to include all the literature citations to 
be found on the subject. Quotations from other 
papers should be employed only when really 
essential; usually the reference is sufficient. If 
direct quotations are included, permission for 
their use should be obtained from the publisher 
of the material from which they are taken. 

Before the manuscript is typed, a copy of the 
BoraNicaL GAZETTE should be consulted, and 
the style followed as closely as possible, es- 
pecially regarding the arrangement of literature 
citations, tabular material, illustrations, head- 
ings, and subheadings. Information regarding 
the amount of illustrative material accepted 
may be found on the inside front cover of the 
journal. There is no arbitrary limit as to the 
length of manuscripts which may be accepted, 
but those showing evidence of carelessness or 
thoughtlessness in preparation will not be con- 
sidered. 

The following specific recommendations for 
preparing manuscripts are not arbitrary but are 
based upon reasonable requirements. 


: A revision of an article originally published in 
Bot. GAZ. 91:327-331. 1931. A reprint may be 
secured upon request to the editorial office of the 
BOTANICAL GAZETTE. 


1. Use white paper of the regular typewriting 
size (83 X11 inches). 

2. Double- or triple-space the entire manu- 
script, including title, literature list, figure 
legends (the descriptive statements or titles 
printed below illustrations), footnotes, and 
quotations. 

3. Supply first sheets, not carbon copies, 
typed with a new heavy black ribbon. 

4. Make all margins at least 13 inches wide. 

5. Avoid combining different-sized sheets or 
using half-sheets. If it is found necessary, after 
the paper is typed, to insert additional material, 
use full-sized sheets even if they contain only a 
few lines. 

6. Number the sheets in the top right-hand 
corner only. 

7. Realize that the printer is expected to set 
in type all that appears on the copy (printer’s 
term for the manuscript) and note the following: 

a) Any instructions to the editor or printer 
should be written in pencil, so that they may be 
erased, or, preferably, given on a separate un- 
numbered sheet. 

b) The author’s initials or name and the sub- 
ject of the paper should not be typed on each 
sheet. If the pages are numbered consecutively, 
there is no risk of misplacement or loss. 

c) No proofreading signs or comments should 
appear in the margins. If it is wished to strike 
out a word or line, use black pencil or ink. Do 
not use a delete sign or the word ‘‘omit”’ in the 
margin. It is not necessary to include marginal 
notations regarding the insertion of illustra- 
tions; the reference in the text is sufficient guide 
for the printer. 

d) Additional or substitute words should be 
inserted in the text itself, not in the margins, 
using legible handwriting (not printed capitals) . 

e) If the changes are many, the page should 
be retyped. 

8. Leave to the editor the indication of the 
different kinds of type to be used throughout 
the paper. If the article is long, employ brief 
topical headings and subheadings but do not 
underline them or use capitals. 

g. Spell out numbers beginning a sentence. 
As a general rule, spell out the numbers from 
one to nine inclusive, using figures for higher 
numbers. 
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10. Treat tabular material as regular text, so 
far as page numbering is concerned, and insert 
it in the paper following the reference in the 
text. Unless it is impracticable on account of 
length, a table should be double-spaced, and the 
continuing text should begin on a fresh page. 
Since the setting-up of tabular material is ex- 
pensive, the contributor is urged to include only 
essential data, simplified as much as possible. 

11. Employ footnotes only when really es- 
sential and number them consecutively through- 
out the text. The footnote should immediately 
follow the line containing the reference and 
should be separated from the regular text by 
two lines drawn across the width of the page, 
thus: 





2 Footnote. 





12. Include a summary in all manuscripts 
except short ones. A paragraph of acknowledg- 
ments, if included, should follow the summary. 

13. Double-space literature citations and 
arrange them flush with the margin, beginning a 
fresh page following the summary and para- 
graph of acknowledgments. Only titles actually 
cited in the paper should be included in the 
listed literature at the end of the paper; that is, 
a bibliography should not be included. Litera- 
ture citations should be verified with the origi- 
nals and should include all the information 
indicated in the following illustration: 


2. ALLARD, R. W.; Ennis, W. B.; DE Rose, H. R.; 
and WEAVER, R. J. The action of isopropy]- 
phenycarbamate upon plants. Bot. Gaz. 107: 
589-596. 1946. 


39. SATINA, SOPHTA, and BLAKESLEE, A. F. Studies 
on biochemical differences between (+) and (—) 
sexes in Mucors. Proc. Nat. Acad. Sci. 11:528 
534. 1925. 


Literature citations should be arranged ac- 
cording to the alphabetical sequence of the au- 
thors’ names and referred to throughout the 
text by a serial number. If several titles by the 
same author are included, each should have 
a separate serial number, and they should be in 
chronological sequence. 

14. Begin legends for illustrations on a fresh 
page, following the literature citations. This ma- 
terial must be incorporated as part of the manu- 
script, and legends for text figures should not be 
attached to the illustrations. Type the legends 
double-spaced and in paragraph form. 

Galley proof.—-Since it is assumed that the 
contributor has retained a carbon copy of his 
paper and will be agreeable to minor editorial 
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changes, the original manuscript is not returned 
to him with proof. This proof has already been 
read by the professional proofreaders employed 
by the printers, who check primarily the corre- 
spondence of the proof with the original manu- 
script. Any penciled queries found on the proof 
are raised by the proofreaders and should be 
answered by the author. Although proof has al- 
ready had this reading, the contributor’s own re- 
sponsibility in proofreading is not casual. He 
should pay special attention to numerals, tabu- 
lar matter, and the spelling of proper and sci- 
entific names. The Manual of Style of the Uni- 
versity of Chicago Press and a number of other 
manuals and guides are available for consulta- 
tion showing the customary way to indicate 
corrections in proof; such information may be 
found also in some of the dictionaries. Correc- 
tions should be made in the margins, with black 
pencil, and indicated as clearly as possible. Since 
changes in proof will be charged for if numerous, 
the contributor should refrain from unnecessary 
revisions. 
Illustrations 


1. Consecutive numbering.—Illustrations 
should be numbered in the order in which they 
are to appear in the text and, so far as possible, 
should be grouped in the order of their reference. 
This continuous numerical sequence should ob- 
tain even when both plates and text figures are 
included with the same paper. There should be 
only one figure 1, the first illustrations in each 
group being numbered to follow the last on the 
preceding group. 

2. Size of reproduction—The available 
space for text figures is 5 inches in width and, in- 
cluding the legend, 73 inches in length. Illustra- 
tions for plates should be 573 inches when 
reduced; that is, the proportion of the width to 
the length should be as 2 : 3. 


METHODS OF REPRODUCTION 


With rare exceptions, the BOTANICAL 
GAZETTE confines itself to two modes of repro- 
duction of illustrations: zinc-etching and half- 
tone. Practically all illustrations are used as text 
figures. Prospective contributors who wish to 
prepare illustrations which would require the 
use of other forms of reproduction or of enameled 
stock in printing are advised that this will rarely 
be possible unless they are able to defray the 
extra cost. 

3. Zinc-etching.—This method is used for 
graphs, charts, and all line drawings which do 
not have extremely fine lines or extremely small 
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dots. The process is less expensive than the half- 
tone method. Stout drawing paper or Bristo) 
board which is dead white, not creamy or gray- 
ish, and jet-black undiluted India ink should be 
used for drawings. Pale ink or a wash or tint 
prevents the use of this process. The effect of a 
wash can be secured by varying the strength of 
the lines and the density and size of the stip- 
pling. Bold drawing on a scale large enough for 
half or more reduction will give better results 
than fine work done under a lens on a scale per- 
mitting only slight or no reduction. Fine dots 
are not only unnecessary but often disappear in 
reproduction. Care should be taken to maintain 
the same scale of strength in all the lines and the 
same general size in all the printing or lettering. 

For graphs and charts use India ink on co- 
ordinate paper ruled with light blue lines only. 

4. Half-tone.—This method is used for the 
reproduction of photographs and microphoto- 
graphs. In making the negative, use a “‘con- 
trasty”’ film or plate, develop with a “‘contrasty” 
developer, and print on glossy black-and-white 
paper. Contrast should be overemphasized, 
since some of it is lost in reproduction. 


MOUNTING 
5. Trimming.—All unnecessary background 
should be trimmed before the figure is mounted. 
Trim away excessive blank paper around the 
drawings and all except the object to be illus- 
trated in photographs or photomicrographs. 


Such trimming lessens the amount of reduction 
required. 

6. Background.—Pure white cardboard or 
Bristol board should be used in mounting draw- 
ings or photographs. In all cases the background 
should be firm enough to support the individual 
figures without wrinkling. Wrinkles in a photo- 
graph tend to show as shadows in reproduction. 
Library paste is not permanent enough for use 
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